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REPRODUCTIVE CYCLES AND FIRE REGIMES
Jon E. Keeley

Assistant Professor
Department of Biology
Occidental College
Los Angeles, Calif.

ABSTRACT

An understanding of the evolutionary role of fire in
ecosystem development requires knowledge of life history
characteristics. TFire frequency plays an important role in
determining the specific reproductive modes possible for a
given environment. Since natural fires are randomly distri-
buted in space and time, often a more important focal point
than response to the modal fire frequency will be species'
resilience to the range in fire frequencies encountered.
Failure to appreciate species-specific differences in resil-
ience in managing natural ecosystems can spell extinction
for some species. A component of the fire regime partic-
ularly important to the evolution of reproductive strategies
is the pattern of burning, i.e., patchy vs. extensive. Often-
times a whole suite of characteristics will be associated
with one pattern or the other. In some instances, a suite
of characteristics may be common across all growth forms.
More often, different growth forms carry with them a unique
set of potentialities and limitations with respect to
resilience to fire.

KEYWORDS: 1ife histories, r and K selection, resilience

INTRODUCTION
Emergent properties of ecosystems cannot be explained mechanistically without a
clear understanding of population level phenomena. Thus, understanding fire's role in

ecosystem development requires knowledge of the component species’ life history
attributes.

Life Histories and Growth Forms

A generalized life history of a plant population resembles that in figure la. Ve
can distinguish an r-phase where the population is growing at or close to the maximum
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possible (close to intrinsic rate of increase r) and a K-phase where population growth
is zero (close to carfying capacity K). Not all populations have a senescence phase
and in fact we can distinguish extremes in this respect (compare curves 1 and 2, fig.
1b). Different enviromments produce conditions which tend to favor a No. 1 or No. 2
type life history. The important environmental parameter is disturbance; No. 1 life
history being favored in frequently disturbed environments, No. 2 in infrequently dis-

turbed environments.

McArthur and Wilson (1967) described these respective environmental types as
imposing r-selection ( No. 1) or K-selection (No. 2), though as pointed out by Gadgil
and Solbrig (1972) these are purely relative terms and no species is entirely r- or K-
selected. Pianka (1970) attempted to define life history attributes of r-selected
vs, K~selected species. According to Pianka, the former should have rapid development,
small body size, early reproduction, and a high intrinsic rate of increase relative to
K-selected species. Although this has provided a useful framework for life-history
studies, there is abundant evidence that one must be cognizant of the particular
ecology in order to predict attributes of organisms subjected to r- or K-selection
(Wilbur, Tinkle, and Collins 1974).

One generalization concerning plant responses would be that growth form could be
aligned along an r-K gradient with herbs at the r-end and trees at the K-end. While
herbs could be favored for reasons other than r-selection, e.g., high winds could
select for a low-growth habit, in the main this is probably a valid generalizationm.
Thus, the frequency of a disturbance, e.g., fire, can select for different life
histories and, as a consequence, different growth forms. It follows that the reproduc-
tive mode, i.e., those life cycle parameters which are immediately responsible for the
continuance of the population through time, should be greatly influenced by differing

fire frequencies.

Reproductive Cycles

It has recently been suggested (Harper 1977) that the term "reproduction' be
restructured in usage to mean production of a new individual from a single cell,
usually a zygote. Harper argues that what is termed '"vegetative reproduction' is
merely growth in a horizontal plane. However, the outcome of such "growth'" may be
identical to (apomictic) seed "reproduction,” and unlike growth in a vertical plane,
viz, production of new individuals distinct from the original plant. Janzen (1977)
has perhaps suggested one solution to this problem by arguing that apomictic seed
production be viewed as lateral growth. The purpose in making such a distinction
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Figure 1.--(a) Generalized life history of a plant population, (b) life

histories representing extremes with respect to population senescence.
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is to emphasize the genetic identity of these offspring. The importance of such a

distinction, in terms of r- or K-selection, is at least questionable in light of recent
. » » 3 . 3 I

discoveries of abundant genetic diversity in many asexually reproducing populations.

In this discussion I will use reproduction in a more conventional sense and
perhaps more broadly as "to produce again" (first definition, Webster's Collegiate
Dictionary 1969). Thus, in the present discussion, the components of a reproductive
cycle are those adaptations directly responsible for population recovery following
destruction by fire. I will distinguish between 'reproduction' and "regeneration.”
The former includes any lateral spread with the potential for producing 'new
individuals,"”" either seed or vegetative reproduction. Regeneration will refer to the
production of an individual in situ once it has been largely destroyed (e.g., resprouts
from the stem or underground parts), see table 1.

The particular reproductive strategy (where strategy is the predetermined genetic
component of the life cycle, after Harper and Ogden 1970) will include, to differing
extents, both "reproduction'" and "regeneration." It should be recognized that the
basic genotypic program, or strategy, may include a range of possible developmental
pathways dependent upon environmental conditioms.

TABLE 1.--Reproductive and regenerative options in the reproductive cycle of plants

Reproduction Regeneration
1/ From From
Seed— Vegetative below-ground parts aboveground parts
Disperse "Runners' above Resprouts from Resprouts from
i and below ground stem or roots epicormic buds
Remain in situ Layering

in the soil

Remain in situ Gradual spread by
on the plant ~ repeated resprouting
from basal parts

1/

—' Sexual and asexual.
GROWTH FORM, REPRODUCTIVE MODE, AND FIRE REGIME

Particular growth forms and reproductive modes have evidently evolved in response
to fire in many parts of the world, thus a wide array of plant communities have been
labeled "fire adapted.' In order to understand the evolution of these features we
must consider the influence of fire per se, but also the components of a fire regime.
Gill (1973) distinguishes three components: fire frequency, fire intensity, and
season. Fire frequency plays a dominant role in determining vegetation structure and
vegetation structure largely determines fire intensity.

In addition to being an important determinant of growth form, fire frequency may
play an important role in determining reproductive strategies. The objective here is
to evaluate the effect of fire frequency on reproductive strategies. The focus of
this paper will not be to document the effect of fire on reproductive strategies of
plants from all ecosystems; rather, selected systems will be emphasized. My approach
will be to compare major vegetation types in which a particular growth-form dominates,
viz, herbs, shrubs, trees, across the range of fire frequencies represented.
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Several difficulties will be evident throughout. One, we have very incomplete
knowledge of natural fire frequencies for most regions. As a consequence, the basis
for ranking communities by fire frequency will be rough estimates based in large part
on considerations discussed in the next section.

A second problem is that the preponderance of fire-ecology studies have been
community level and thus there is a dearth of information on the population biology of
most fire-type species. It is hoped that this report will illustrate the dynamics of
postfire recovery and how little community-level indices tell about these processes.

A third difficulty is that fire is a natural disturbance with effects similar
to other disturbances, e.g., frost, drought, blowdowns, tornadoes, heavy snowpacks,
animal grazing, etc. Thus an underground stem may allow a woody plant to recover
after a tornado or a fire. Likewise, thick bark may act as a barrier to dessication
as well as fire damage. To evaluate the evolutionary effect of fire frequency on
reproductive strategies, one must separate the selective influence of other environ-
mental parameters. This, however, is not always possible.

Finally, one must distinguish between fire regimes which have a selective effect
on plants, and those that do not. Harper (1977) distinguishes disasters from catas-
trophes; the latter being disturbances that do not occur frequently enough to be of
any selective influence on the life cycle, e.g., to make a case that fire has played
an evolutionary role in the Hawaiian flora, one must do more than demonstrate that
wildfires can occur on occasion (cf. Vogl 1970).

Fire Frequency

Simplistically, fire frequency is determined by the frequency of ignitions
concomitant with a "low" moisture content of the vegetation. A '"natural" fire fre-
quency is determined by the frequency of lightning and degree of aridity in a given
environment. Since both of these parameters vary seasonally, the degree to which they
coincide is important. Given "adequate'" burning conditions, "natural' fire frequency
should be a monotonic function of lightning frequency. On the other hand, fire frequency
increases with aridity only to the point where increasing aridity results in insuf-
ficient biomass to carry a fire.

At present man plays a dominant role in determining fire frequency. On one hand
he provides ignition for many wildfires (frequently during the driest season); on the
other hand he puts out many 'matural" as well as manmade wildfires. Whether the net
effect is to increase or decrease the 'nmatural’ fire frequency is debatable and
probably varies with the ecosystem.

Before proceeding, a word about the distinction between 'natural" and "manmade"
fire frequency is in order. "Natural" must be considered in context. To a sociol-
ogist., a natural fire frequency source may include modern man. To the U.S. Park
Service (largely committed to the preservation of resources as they were at the time
they came under its jurisdiction) natural fire frequency sources include aboriginal
but not modern man. In the present discussion, '"natural" is being used in an evolu-
tionary context, i.e., the environment which has selected for reproductive strategies.
It is assumed that relatively recent changes in fire frequency, e.g., due to aboriginal
burning in North America, have tended to affect species distributions more than species
adaptations. Potentially, this is less true in the 0l1d World (with longer human
influence) and where adaptations are under simple genetic control, e.g., serotiny in
jack pine (Teich 1970).

Fire frequency has been defined in various ways. 1 suggest that the mean (arith-

metic average) is not as relevant as the modal (most common) fire-free interval.
Certainly, in many environments the variance and range is of more selective importance
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than any measure of central tendency. Thus a species' resilience (i.e., ability to
recover) to minimum and maximum fire-free intervals may be critical to its survival.
HERBACEOUS VEGETATION TYPES

The major herbaceous vegetation types representing a spectrum of fire frequencies
are listed in table 2. Indicated also is a rough estimate of the modal fire frequency
for each, based on interpretation of the available literature and evaluation of the
fire climar- and lightning frequency. Additionally, a suggested value for the minimum
and maximum interval to which they could adjust (i.e., a measure of their resilience)
is included.

TABLE 2.--Principal herbaceous vegetation types, with an estimate of their
natural fire frequency and a rough estimate of the minimum and
maximum fire-free interval to which they are resilient

Minimum Maximum
Vegetation Modal fire fire-free fire-free
type frequency interval interval
—————————— Years = = - - = - = = - - -

Perennial grassland 5 - 25 0 10 - 50 (?)
Annual grassland 5 - 25 0 100 )
Fire floras 20 - 50 10 100 (2007)
Miscellaneous fire-

tolerant species ? 1-2 ?
Marshes 30 - 100 5 ®
Wet meadow and tundra 50 - 100 5 ©

Perennial Grasslands

Perennial grassland describes a number of plant communities in both temperate and
tropical regions of the world. As the name implies, these areas are dominated by
perennial grasses, though usually in association with a variety of annual grasses and
herbaceous dicot species. In North America, there is an array of grassland associations
(Kucera, this volume) and one can distinguish similar patterns in tropical regions
(Phillips-1965). Grasslands generally have an annual period of drought coinciding
with lightning storms, and occur on broad level plains or rolling hills that lend
themselves well to the spread of surface fires (Daubenmire 1968, Vogl 1974). Fire
plays a major role in the maintenance of many grasslands. A striking example of this
is the experimental plots set up by P. V. Wells (University of Kansas) in eastern
Kansas. Areas burned annually are vigorous grasslands whereas adjacent land unburnt
for 15 years is largely second-growth hardwoods (personal observation, see also Bragg and
Hilbert 1976). 1In light of this, it is not surprising that many tall grass prairie
species play a dominant role in secondary succession in the East (Swan 1970). However,
not all grasslands are fire dependent. Those on deep soils in regions subjected to
occasional severe drought are generally not invaded by woody plants, even in the
absence of fire (Weaver and Albertson 1956).



The dominant grassland species in both temperate and tropical regions are
hemicryptophytes; the aboveground portion dies back at least once a year (Vogl 1974,
West 1971). 1In most species the culms are tufted or caespitose with short rhizomes.
Dormant buds occur at. or just below ground level and commonly are protected by closely
packed persistent dead leaves and leaf sheaths (Daubenmire 1968). Root systems are
extensive and deep, commonly reaching depths of 2 meters (Weaver 1958). All these
characteristics contribute to the ability of temperate and tropical grassland species
to withstand intense grazing, frosts, and annual dry periods as well as severe periodic
droughts (Albertson and others 1957, Weaver and Albertson 1956). Longevity of grass
species varies widely; even among species of similar growth form, e.g., some tussock-
forming grasses are reported to reach a maximum age of 10 years (Canfield 1957)
whereas other species are thought to survive over 100 years (Crampton 1974).

The seed of some species is widely dispersed. The relatively small caryopsis,
large awn, and persistent pappus-like hairs in some species (e.g., Andropogon) contribute
to their ability to invade recently burned areas. Other species (e.g., Sporobolus),
with different caryopsis characteristics, are seldom invasive into recent burns
(Bodgkins 1958). Seed storage in the soil by perennial grass species is generally
low to nonexistent (Lippert and Hopkins 1950, Major and Pyott 1966). This probably
stems from a lack of s0il carryover from year to vear as well as erratic annual seed
production. Apparently seedling establishment is an uncommon event (Hanspn 1950).

Vegetative reproduction in perennial grasses is generally limited to production
of small clumps or tussocks. This can, over long periods of time, lead to the
formation of widely separated tussocks (Harberd 1967). Vigorous vegetative reproduction,
through either stolons or rhizomes, is generally lacking. Under a frequent fire regime,
such structures may be a liability since their proximity to the soil surface would mean
greater losses to the plant (McLean 1969). There are, however, a variety of cost-
benefit arguments for the presence or absence of stolons and runners.

Regeneration from basal buds following destruction of aboveground parts is well
developed in most perennial grassland species. Commonly accompanying regeneration is
an increase in seed production (Hadley and Kieckheger 1963, West 1971, Vogl 1974).

This probably results in seed production at a time of enhanced seedbed conditioms.
Undoubtedly, such a scenario would be affected by the season of the fire, particularly
in temperate grasslands composed of mixtures of late-spring flowering C. grasses and
late-summer flowering C, grasses. In North America lightning fires are concentrated
between spring and summer (Komarek 1967, Barden and Woods 1973) with burning conditions
beginning in the spring in the more southerly localities and later, northward. Cool
season C, plants in southerly locations may have a higher probability of flowering as
well as geing in a more vulnerable phenoclogical state at time of burning than late-
flowering species. Warm season C, plants in southerly localities would be most
resistant to spring fires since growth would be beginning, and afterwards they would

be safe from fire for at least a year. Northward, fires would be later in the

summer, after C_, grasses had dispersed their seeds and at the time of C, grass flowering.
There is some eVidence to support this (Daubenmire 1968, Zedler and Loucks 1969, Rice
and Parenti 1978).

Several factors affect the extent of postfire regeneration. Under annual
burning, annual grasses and herbs commonly increase at the expense of perennial
grasses (Pickford 1932, Kennan 1971, Smith and Owensby 1972). This is most marked
under a natural regime of summer fires (Bragg 1978) since the perennial rootstocks
suffer greater destruction {(Garren 1943, Daubenmire 1968). Increased numbers of
annuals also occur after severe drought (Weaver and Albertson 1956) and in both
cases are probably related to increased open space for seedling establishment. In the
absence of disturbance such species often are restricted to refugia created by extreme
edaphic conditioms.
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Herbaceous dicot species common to grassland communities represent a variety of
families and life histories, although mainly geophytes and hemicryptophytes. Seed
production is annually®more consistent among these broad-leaved herbs than in perennial
grasses. Seed dispersal is via wind or animals. There is apparently little seed
carryover from year to year except during prolonged droughts (Weaver and Albertson
1956). A few legume species, from frequently burned areas in the southeastern U.S.,
have seeds which demonstrate enhanced germination when exposed briefly to high tempera-
tures (80o - 90°C), though there is considerable germination without any heat treatment
(Martin and others 1975). Some species spread both by seed and stolons or rhizomes,
proportions varying with fire frequency. For example, wild strawberry (Fragaria sp.)
invades recently disturbed sites via seeds, and once established spreads locally by
stolons as well as producing seeds for more distal establishment. As the community
becomes crowded, and probability of fire increases, stolons (which survive fires very
poorly, McLean 1969) are produced less frequently (Holler and Abrahamson 1977).

Many herbaceous dicots can survive fires via underground parts which regenerate.
The extent to which an individual can survive fire is closely tied to the depth of
underground parts and thus one finds inter- and intraspecific variability in regenera-
tion. A good example of prairie forbs capable of regenerating after fire is species
of Liatris found throughout the midwestern and eastern protions of the U.S. Some can
live perhaps 40 years (Levin 1973), and it is the older individuals with larger,
deeper corms which are the most resistant to fire. Schall (1978) examined the age-
structure of a population of L. acidola 2 years after fire in a mature prairie of
southeast Texas. Her results (fig. 2A) suggest that many of the plants 1 to 3 years of
age at the time of fire were killed, and following fire there was a flush of new
seedlings. Thus, the population cost of fire for L. acidola is a loss of juveniles but
the benefit is a surge of new seedlings. Benefits may outweigh costs in the life
history of Liatris since Kerster (1968) has found that older midwestern populations of
L. aspera, in the absence of disturbance, stop recruiting new individuals into the
population (fig. 2B). Periodic fires may 'rejuvenate older populations. It is apparent
from figure 2A that too frequent fires would be deterimental to Liatris populations as
is true for other perennial forbs (Pickford 1932).
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Figure 2.--(A) Age structure of a Liatris acidola population of 2 years
after fire (redrawn from Schall 1978). (B) Age-structure of Liatris
aspera population in the absence of disturbance (redrawn from Kerster
1968). Werner (1978) has demonstrated that there is a great deal of

- error associated with assigning ages in Liatris, though Levin and
Kerster (1978) claim the ages are certain for plants under 5 years.
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Extensive annual grasslands are found mainly in Mediterranean climatic regions
and are the result of disturbance (too frequent fires, severe drought, intensive
grazing; any one or all). 1In California they occupy extensive portions of the Central
Valley and Coast Ranges, having developed during the last 150 years from nonnative
annual grasses and forbs. Clements (1920) proposed that the annual grassland replaced
a pristine bunchgrass community after intensive grazing, coupled with drought. This
view was based on the presence of small isolated populations of native bunchgrass
assumed to be "relicts" and is considered by some to be true "beyond all doubt" (Heady
1977). However, Cooper (1922) argued that woody vegetation is climax in coastal
valleys of California but has been replaced by grasslands due to repeated fires by
man. Naveh (1967) invokes a similar scenario to explain the origin of annual grasslands
in Israel (the origin of California's annual grass species). This theory is based on
assumed "relicts" of chaparral within grasslands as well as historical documentation
of chaparral replacement by grassland. In all likelihood, annual grasslands were
derived both from perennial grasslands, particularly on deep clay soils, and (exten-
sively) from woody vegetation on shallow rocky soils (Wells 1962). Increased fire
frequency due to human exploitation is thought by Wells (1962) to be a major factor in
their origin in the Coast Ranges of California.

Present fire frequency in annual grassland probably varies from annual fires to 50
or more years between fires. Despite the likelihood that annual grasslands in many
situations owe their origin to frequent fires, there is little evidence that annual
grasslands require frequent fire for maintenance. Perennial bunchgrasses invade
annual grasslands very slowly (White 1966b), and the low vagility of chaparral seeds
makes invasion of grassland by chaparral a threat only along narrow ecotones between
the two vegetations (Schultz and others 1955, Biswell and Street 1948). Coastal sage
species on the other hand have well-developed colonizing ability (Wells 1962) and when
juxtaposed with grassland they can replace it in less than 15 years without fire
(Westman 1976). Considering the broad expanse of many of these grasslands (and thus
lack of an invading seed source) they are probably stable for long periods without
fire. White (1966a) describes an oak-grassland area in the coast ranges which has
remained stable more than 25 years.without fire.

The dominant plants are annual grasses and forbs; most are natives of the Mediter-
ranean region. Seed germination occurs late in fall following the first rains, with
much of the growth occurring in winter and early spring. Flowering and fruiting are
completed by early summer. Like other annual 'weeds' these species are quite plastic
in growth and phenology; in wet years they reach much greater sizes with larger seed
production. Most species are highly r-selected for rapid germination and growth rates,
small stature, and a large proportion of energy allocated to reproduction. Addi-
tionally, most possess typical colonizer attributes (viz, large numbers of small,
widely dispersed seeds) and thus are ruderals in other than Mediterranean-climatic
regions.

All species can tolerate frequent fires, largely because of sizable seed pools
in the soil (Major and Pyott 1966), efficient means of burying seeds, e.g., hygroscopic
awns (Naveh 1974), and the comparatively low termperatures of grass fires, which
result in high seed survival (Daubenmire 1968). Annual grass species, however, are not
well suited to annual fires. Smith (1970) found a 70 to 80 percent reduction in grass
density the first year after fire and found that it took 3 years to reach prefire
levels. In general, annual fires tend to favor forbs over grasses (Hervey 1949, Smith
1970). 1In some cases this may derive from slightly later flowering and fruiting by
the grasses, which translates into a greater chance of seeds being attached to culms
at the time of the fire, where temperatures are higher than at ground level (Daubenmire
1968). Also, the rosette growth form of the dominant forbs may enforce a greater
spacing of individuals and thus lower burning temperatures in the seed-rain: shadow.
Additionally, since grasses are favored by a different set of growing conditions (Pitt
and Heady 1978), fire may change the following season's growing conditions to favor forbs.
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Fire Floras

In some Mediterranean-climate regions of the world there are herb floras which
have a life cycle closely linked to fire. Mainly the herbs exist only as dormant
seeds in the mature scrub which is "climax'" for the entire region. Except in isolated
openings, no seeds germinate until fire removes the shrub cover, at which time there
is a proliferation of many herbaceous monocot and dicot species. Among the Mediter-
ranean areas of the world there are regional differences, e.g., in California the
postfire herb flora is predominantly annuals, whereas in South Africa it is mostly
geophytes, and in Chile there is no such flora (Keeley and Johnson 1977). Of the
Mediterranean fire floras, California's is best understood, thus I will focus on this
region.

Germination of the postfire herbs begins after the first winter rains following
a chaparral fire. Flowering begins in early spring and fruitification is completed by
late spring. The majori}y of species are annual dicots and will not be present the
second year after fire.l’ In order to germinate, the seeds require seed coat scarifica-
tion, which comes in the next fire, presumably as intense heat, although this has not
been convincingly demonstrated for many "fire-type" annuals (cf. Sampson 1944, Went '
and others 1952, Sweeny 1956, Christensen and Muller 1975) and other mechanisms have

been proposed (Wicklow 1977).

The seeds appear to be quite long-lived, as evidenced by the proliferation of
"fire-type'" annuals after fires in very old (ca. 90-year) cparral (personal observation).
Undoubtedly, seed viability does decline in stands unburned for long periods of time;
however, there is no information on the maximum fire-free interval they can withstand.
On the other hand, the fire flora is sensitive to too frequent fires. Chaparral
stands burned at several-year intervals are readily converted to annual grassland with
elimination of native fire annual species. This is probably because the annual fire
flora species do not compete well against aggressive annual grass species (Corbett
and Green 1965). This is not surprising in light of the observation that the density
of the fire-type annual vegetation is at least an order of magnitude less than the
density of annual grasslands (cf. Sampson 1944, Horton and Kraebel 1955, Heady 1958,
Smith 1970).

Miscellaneous Fire~Tolerant Species

There are a number of herbaceous species not easily classified into any single
community but which proliferate after fire. Epilobium angustifolium is a common fire
follower in a variety of habitats throughout the higher latitudes of the Northern
Hemisphere. It is a perennial which produces an abundance of small, widely dispersed
comose seeds that quickly invade clearings caused by fire or other disturbances. Once
established, an individual can spread over an area through vigorous rhizome production.
It is eventually crowded out by later successional species and thus is dependent upon
dispersing to new disturbances (Ahlgren 1960). Little information is available on the
effect-of fires on established populations. The proximity of rhizomes to the soil
surface suggests they would not survive severe fire very well (McLean 1969). Although
seeds have been found in mature forest soil (Karpov 1960 cited in Major and Pyott
1966) it is not known whether they survive fire. The architecture of the diaspore
indicates they are primarily adapted to colonizing after fire or other disturbances
and Salisbury (1942) states that they only establish on open sites.

Another fire-following species is Pteridium aqualinium. It resembles Epilobium
in that it is a widespread species producing a proliferation of dissemenules which
invade recently burned sites, then spread vegetatively (Salisbury 1942, Oinonen 1967
cited in Harper 1977). Repeated fires, however, are less damaging to Pteridium because

;/Keeley, S. C., J. E. Keeley, S. Hutchinson,; and-A. W. Johnson. Post fire : -
succession of the herbaceous flora in the southern California chaparral. Unpublished ms.
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the rhizomes are deep enocugh to survive high temperatures (Flinn and Wien 1977).

Several other species have a similar life cycle, e.g., Equisetum sylvaticum in Canada
(Beasleigh and Yarranton 1974), Pteridium caudatum in Venezuela, and Gleichenia spp.
in New Guinea (Gillison 1969).

Marshes

As used here, marshes refers to herbaceous communities in standing water much of
the year. The chance of fire in any given year is low due to the moisture conditions
of the vegetation. Periodically, however, severe droughts will cause a drastic drop in
water table and preoduce conditions suitable for burning. Thus, in large part, fire
frequency depends on local water table patterns.

\

The marsh dominants are perennial grasslike species from a variety of monocot
families (e.g., Cyperaceae, Poaceae, Typhaceae, Juncaceae, etc.). Dependent upon the
latitude, tillers emerge between spring and early summer. Not all tillers flower in a
given year; e.g., Carex lacustris and C. rostrata produce tillers which commonly
overwinter and flower in their second year then die (Bernard 1976). Most seeds are
buoyant and dispersed to some extent by water. In fact, the marsh grass Paspalum has
boat-shaped spikelets well adapted for water transport (Crampton 1974). If the study
by van der Valk and Davis (1978) is typical, the soil seed pool of freshwater marshes
is of considerable size. Seed of emergent species remain dormant until water levels
drop and the seeds are exposed. This is also when fires are most likely to occur;
thus frequent fires would not be conducive to reproduction.

Characteristic of most marsh species is a well-developed capacity for vigorous
vegetative reproduction. Such stolons or ''creeping" or "branching" rhizomes commonly
reach several meters and more. Regeneration after fire is highly sensitive to fire
temperatures. Garren (1943) states that marsh species are killed by dry-season fires
because roots near the soil surface are destroyed.

In general it would seem that most marsh species are sensitive to fire due to its
coincidence with seedling establishment and the high probability of destruction of
below-ground regenerative parts. Nonetheless, marshes throughout the southeastern
United States (and other regions of the world) are subject to severe droughts coinciding
with lightning ignitions approximately every 30 to 100 years. The outcome of these
periodic fires is .on one hand to reduce encroaching woody vegetation but on the other
hand to destroy marsh vegetation and replace it with submerged aquatics (Cypert 1972).

Wet Meadows and Tundra

This group includes a heterogeneous collection of plant associatioms, with the
major distinction being that they occupy sites which are moist most of the year.
Certain "meadows" occupying drier sites, particularly at lower elevations or latitudes,
are structurally similar to what has been discussed as 'grasslands.'" There is also a
certain -amount of overlap between meadow vegetation and the herbaceous component of
adjacent woodlands. Meadows and tundra are extensively developed at high elevations
and latitudes. The more or less perennially wet character of the vegetation makes
fires of infrequent occurrence and questionable selective importance.

The vast majority of species are perennial; commonly grasses and sedges. The
conspicuous absence of annuals may be related to the 'closed" nature of the vegetation,
i.e., lacking openings for seedling establishment. Many species reproduce sexually
infrequently (Salisbury 1942), and this is reflected in small seed pools in the soil
{(Major and Pyott 1966) and rarity of seedlings (Callaghan and Collins 1976, Callaghan
1976), even after occasional fires (Wein and Bliss 1973). Most species are vigorous
vegetative reproducers, either through creeping or branching rhizomes, stolons, or

lavering. These species can regenerate after the tops are removed, though fires (except. .

when the soil is quite moist) would be damaging since roots and other regenerative
parts occur near the surface.
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The heavy dependence on vegetative rather than seed reproduction may result from
several factors. Salispury (1942) suggests that lower temperatures at high elevatiomns
or latitudes, or lower light levels in woodlands, are not conducive to seed production
which is physiologically more demanding. Alternatively, extreme conditions could make
vegetative reproduction a safer gamble due to the much greater food reserves available;
theoretically, seeds could evolve large reserves, though this may be too risky an
investment in an environment where seed crop failures are common and unpredictable.
Vegetative reproduction also has greater flexibility in initiating and arresting
jtself, unlike a germinating seed which is committed to a certain increment of growth
before arresting development; a potentially important factor in an unpredictably
"extreme" environmment. Finally, moist conditions and lack of frequent disturbance,
leading to a "closed" community with few openings, is a poor environment for seedling
establishment, particularly ones with minimal food reserves (Thomas and Dale 1975).

Summary: Herbaceous Vegetation Types

The dominant strategy for surviving in a frequently burned perennial-type grassland
is that of a long-lived perennial which, through its capacity to resprout from below-
ground parts, appropriates space and holds it for extended periods. Certainly fire is
only one aspect of the grassland environment which has selected for this strategy.

The intensive selective pressure of droughts is suggested by the extensively developed
root systems of most grassland species (occasionally reaching depths of 4 m or more,
Weaver 1958). Perhaps to insure some colonizing ability (e.g., into areas subjected
to severe drought, intensive grazing, badger building, tornadoes, or fire) seeds of
the perennial grassland species are light; consequently they require "openings" in
which to become established. 1In grasslands unburned for extended periods of time,
openings may be rare and consequently seedling establishment is also rare. Under long
fire-free periods, populations of some species may go extinct although most species
are resilient to periods of low fire frequency as well as periods of high fire frequency.
The extent to which perennial grasslands are dependent upon frequent fire is related
to proximity and invasiveness of woody vegetation.

Mediterranean-climate annual grasslands represent one of the most fire-resilient
herb communities; existing under frequent as well as infrequent fires. These annual
species demonstrate few specific adaptations to fire per se. They have r-selected
attributes and are species adapted to rapid colonization. Although most r-selected
species require frequent disturbance to remove invading and more competitive K-selected
species, such is not the case for these annual grassland species. Once the original
vegetation has been removed, reinvasion is imperceptibly slow and thus r-selected
species remain dominant with or without additional disturbance.

The fire-type annual floras of certain Mediterranean regions exhibit the greatest
degree of adaptation (specifically) to fire. These species are specialized r-strategists
with rapid establishment from stored seed '"only" in response to fire; however, they
are not good colonizers, perhaps because disturbances are generally widespread. They
are not resilient to very frequent fires (return of the shrub cover is required to
shade out other more aggressive herb species) but can withstand fire-free periods as
long as a century. Thus, fire-type annuals illustrate that specialized adaptations to
fire do not necessarily imply adaptation to frequent fires. :

Epilobium and Pteridium illustrate strategies adapted to periodic intense fires
which do not destroy the parent population but open up nearby areas. Abundant light,
wind-dispersed disseminules are well adapted to broadcast colonization of denuded
sites, even at some distance from the parent population. It should be recognized,
however, that these species are not dependent on fire since they commonly colonize sites
opened up by other types of disturbance.
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species common to most marshes, meadows, and tundras appear to be poorly adapted

to fire and not resilient to frequent fires. They differ from more fire-adapted com-
munities in that reproduction is predominantly from stolons and shallow rhizomes,
structures easily destroyed by fire. Although these three communities can recover. from
fire, its effect is probably more that of a catastrophe (sensu Harper 1977) in that the
selective consequence is to decrease "short-term fitness."”

SHRUB VEGETATION TYPES

The major shrub vegetation types to be considered represent adaptive responses
across a spectrum of fire frequencies (table 3).

Mediterranean-Climate Evergreen Scrub

The five regions of the world characterized by a cool-winter-rain, hot-summer-
drought climate are dominated by a vegetation of closely spaced evergreen shrubs with
heavily sclerified leaves. In most of these regions summer droughts are occasionally
interrupted by thunderstorm activity resulting in lightning fires carried far by the
dense continuous brush cover. Although the five Mediterranean regions are broadly
similar there are significant differences. I will focus in detail on the California
chaparral since the life histories of these shrubs (coupled with associated trees, see
later section) illustrate that species in a fire-type community represent a variety of
optima and resiliences to varying fire frequencies.

TABLE 3.--Principal shrub vegetation types, estimated natural fire frequency, and a
rough estimate of the minimum and maximum fire-free interval to which they
are resilient

Resilience
Minimum Maximum
Modal fire fire-free fire-free
Vegetation type frequency interval interval
——————————— Years - - - - - - - - - - -
Mediterranean-climate
evergreen scrub 20 - 50 10 100-200 (7)
Mediterranean-~climate
deciduous scrub 30 -100 10 100(1507)
Humid evergreen scrub 20 - 30 2 -5 200 (7)
Arid (desért scrub) 50 -100 10 - 20 ()
Temperate forest
successional shrubs:
Western forest shrubs 20 -100 5 300-400 (?7)
Eastern forest shrubs 100 -500 5 L
Scrub steppe 100 -300 30 o
Tropical rain forest
understory shrubs o oo o
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rnia cnaparry al consists of shrubs 1.5 tc 3 m tall almost ai1ways U\.\.u.LA..x.ng in

stands with an (aboveground) even-age structure (excepting one anomalous shrub, Yucca
wvhipplei). These stands are distributed in a mosaic determined by burning patterns.
Presently nearly all of the acreage burned in southern California results from manmade
fires (Keeley 1977b). As a consequence fire frequencies vary with proximity to
habitations; e.g., fires occur every 2 to 5 years in some heavily used foothills of the
‘San Gsbriel Mountains overlooking Los Angeles whereas large portions of the little-used
Santa Ana Mountains have never had a recorded fire (USDA For. Serv., unpublished data).
The commonly accepted modal frequency of natural fires is 20 to 30 years. Undoubtedly
in prehominid times this varied widely dependent upon elevation and proximity to the
coast (Keeley 1977b, Byrne and others 1977).

1T & +~ 1 211 ATm~ alvsnwn AAmtiTe

Chaparral shrubs represent a variety of plant families and life histories. Some
species, e.g., Heteromeles arbutifolia, Cercocarpus betuloides, Rhus laurina, and Rhus
ovata, are capable of great longevity (100-200 years?) becoming small trees in isolated
localities. Others, in particular Ceanothus species, are traditionally considered
short-lived (40-60 years), although their longevity is closely tied to stand structure.
As shown by Schlesinger and Gill (1978), as the canopy closes in "pure' stands of
Ceanothus megacarpus, there is a sudden die-off (fig. 3) presumably due to rapidly
increasing competition for light. In older mixed stands, mortality of Ceanothus
greggii is apparently constant (Keeley and Zedler 1978) and probably reflects gradually
increasing competition for light and soil moisture in this shade-sensitive shallow-
rooted species. Thus, if these '"short-lived" species escape close competition they
can be quite long lived (Keeley 1975, Schlesinger and Gill 1978).

Seed production fluctuates widely from year to year dependent in large part on
precipitation patterns. Some species initiate flower buds the year prior to flowering,
whereas others do not; thus, seed production is not usually synchronous across species
(Keeley 1977a). There is little indication that seed production declines with age, and
in one study (Arctostaphvlos glauca) seed production was much greater in 90-year-old
shrubs than 20-vear-old ones (Keeley and Keeley 1977; a similar pattern was found for
Adenostoma fasciculatum, Keeley and Keeley unpublished data). Seed dispersal modes
vary widely, e.g., the chaparral shrub, Adenostoma fasciculatum produces an abundance
of light seeds; however, they are not highly specialized for (and chaparral is not
conducive to) wind dispersal and probably are not dispersed widely. Ceanothus and
Arctostaphylos species are important chaparral constituents with, for the most part,
localized seed dispersal. Quercus dumosa is a common chaparral shrub characterized by
erratic production of large acorns potentially widely dispersed but heavily preyed
upon. A number of quantitatively minor species, e.g., Heteromeles arbutifolia and
Rhamnus crocea, have fleshy fruits which are probably widely dispersed by birds.
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Seed storage in the soil is variable. The most common species, Adenostoma,
Ceanothus, and Arctostaphvlos, have a seed-coat scarification requirement usually met
by intense heat during fire (Stone and Juhren 1953, Quick 1935, Hadley 1961, Berg
1974). Other species such as Quercus dumosa, Rhamnus crocea, Heteromeles arbutifolia,
and Prunus illicifolia have no such scarification requirement and will germinate readily
(Mirov and Kraebel 1937, Keeley unpublished data). Consequently, seedlings of these
species occasionally establish in mature chaparral; Patric and Hanes (1964) recorded
several hundred per hectare in very old chaparral. It is doubtful whether these
contribute to the mature canopy since they are usually stunted (Patric and Hanes 1964)
and many eventually die, in part, from overgrazing by small mammals (Keeley 1973,
Horton and Wright 1945). Thus these shrub seedlings seldom establish under mature
chaparral or in openings created by dead shrubs (Hanes 1977). TFollowing fire, there
is an abundance of seedlings of Adenostoma fasciculatum and certain species of Ceanothus
and Arctostaphylos, all from soil-stored seed, germinating in the first postfire
year. Postfire seedling establishment of other species is sporadic and often insig-
nificant numerically (Zedler 1977a).

The capacity to resprout from basal parts after fire is widespread in chaparral
shrubs, being found in all species except the majority of Ceanothus and Arctostaphvlos
species. The species which can resprout after fire vary in the proportion of the
population which actually survives to do so. Thus, postfire regeneration is either
by seedlings from soil-stored seed or resprouts from basal vegetative parts or both.
The dependence upon seedlings or resprouts varies from species to species. We can
picture this schematically in figure 4 where a point along the abscissa, corresponding
to a particular proportion of seedlings vs. proportion of resprouts, describes the
reproductive tactic. However, this position will vary spatially (from population to
population) and temporally (from one fire to the next); thus a species is best char-
acterized by a reproductive strategy which occupies a region along the abscissa. For
.example, Quercus dumosa is a vigorous resprouter but seldom estzblishes seedlings,
thus its reproductive strategy is represented by region "a" along the abscissa. The
ubiquitous Adenostoma fasciculatum is temporally and spatially quite variable in post-
fire resprouting and thus might be described by region "c." There is one significant
exception to this pattern; the majority of Ceanothus and Arctostaphylos species do not
occupy a region along the abscissa but rather a single point (see the arrow, fig. 4).
These species are totally incapable of resprouting under any condition and thus are
entirely dependent upon seedling production for postfire regeneration.
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A summary of these characteristics is given in table 4. From this we can dis-
tinguish two modes. One group, consisting of the most abundant chaparral shrubs
(Adenostoma, Ceanothus, and Arctostaphylos), is best developed on the more xeric sites
and is shade intolerant. They produce more or less locally dispersed seeds which are
stored in the soil until stimulated by fire to germinate. Some resprout, but others
do not. The other group consisting of shrubs such as Quercus dumosa, Heteromeles
arbutifolia, Rhamnus crocea, and Prunus illicifolia are best developed on the more
mesic slopes. They are mostly long-lived, shade-tolerant species capable of outliving,
overtopping, and shading out most of the group 1 species. They produce widely dispersed
seeds which do not require fire for germination. They occasionally establish seedlings
in mature chaparral, but seldom contribute seedlings to the postfire flora. All are
vigorous resprouters.

TWO REPRODUCTIVE STRATEGIES

How can we account for these two different reproductive strategies? 1In light of
modal fire frequency of every 20 to 30 years, the group 1 strategy is easily rationalized:
Produce seeds cued to germinate only after the next fire, since (1) seedlings would be
unlikely to establish in the shade of existing shrubs, (2) seedlings are likely to be
eaten by herbivores, (3) another fire is likely to occur before the mature shrubs die
out, (4) because of their smaller size, these later-establishing seedlings or "saplings"
would stand little chance of survivng a fire in order to resprout, and (5) the more
intense fires on the more xeric sites translate into fewer resprouts and more openings
for postfire seedling establishment. Also, since these fires will be quite wide-
spread, little benefit would be derived from dispersing seeds far and wide.

The group 2 strategy is difficult to rationalize in light of frequent fires. Seed
production seems to contribute little to the future population; rather, these species
depend upon resprouting to maintain population levels. One could argue that perhaps
these species are relicts representing an evolutionary dead end in the face of frequent
fires. Although there may be some merit to this idea, another explanation might be
the following: Since these species are best developed on north-facing slopes, in
ravines, and other disjunct mesic sites, widely dispersed seeds would be highly adaptive
(Bullock 1978). Once a seed got to one of these more mesic sites, it would be better
off germinating directly because the more mesic site would mean that: (1) It is less
likely to burn as frequently as a more xeric site. (This seems particularly likely
when one considers the mosaic pattern of many fires [Minnich 1974], and the possibility
of more infrequent fires in prehominid times [Wells 1962, Keeley 1977b, Zedler 1977a,
Burne and others 1977].) (2) More mesic slopes would mean less intense fires and thus
greater postfire resprout survival which would out-compete seedlings establishing
after fire. (3) Less intense fires would mean a greater chance for late-establishing
understory ''saplings" to survive fires and to resprout.

Data necessary to evalute such ideas, e.g., seed disperal distances, seedling
recruitment rates in group 2 species, successional changes in very old chaparral, and
natural fire frequencies, is lacking. For the most part, group 1 species seem most
closely adapted to the chaparral fire cycle: (1) They are the most abundant species;
(2) they produce refractory seeds dependent upon intense heat for seed-coat scarifi-
cation; (3) the resprouting species in this group produce large, bulky basal burls or
lignotubers, which are specialized starch-storing structures with dormant buds that
give rise to resprouts after fire; and (4) many species are highly "specialized"
obligate-seeding shrubs.

LIGNOTUBERS

Jepson (1916) first described basal burls on a sprouting species of Arctostaphylos
and later Wieslander and Schreiber (1939) noted that the burl was not a result of
sprouting but a normal development the first year. It is this distinction which most
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clearly separates group 1 and group 2 because some of the latter group’s species,

e.g., Heteromeles, will sometimes form an irregularly shaped platformlike structure
after repeated resprouting. Basal burls or lignotubers are known from sprouting
shrubs in other Mediterranean regions, being common in the South African fynbos (Kruger
1977), but most highly developed in the Australian mallee (Kerr 1925). Outside
Mediterranean regions lignotubers are rare except in a few arid savannas where they
appear to be primarily involved in surviving summer drought, since aboveground parts
die back annually regardless of fire (Rawitscher 1948).

Since lignotubers are not a prerequisite for resprouting after fire (resprouting
is characteristic of nearly all woody dicots, Wells 1969), perhaps they are not an
adaptation to fire per se, but to fire in conjunction with the Mediterranean climate.
The unique combination of features found in these regions is one of shrubs growing in
nutrient—deficient soils exposed to frequent fires during summer droughts. The
result may be problems unique to Mediterranean-climate shrubs; they depend upon an
extensive root system to obtain sufficient soil moisture and inorganic nutrients, so
when the tops are removed by fire an extensive root system may not be supportable
without a ready store of carbohydrates. This would be particularly so after summer
fires, since resprouting is commonly postponed until the first fall rains (Sauntier
and Wagle 1967, Biswell 1974, Tratz and Vogl 1977). Such an hypothesis would account
for why the non-burl-forming sprouting species (group 2) favor the more mesic slopes.

OBLIGATE-SEEDING SHRUBS

So lignotubers may not represent a specialized adaptation to fire per se, but to
fire within the context of the Mediterranean climate. Another characteristic of
reproductive modes in some Mediterranean floras is the high proportion of species (in
genera where lignotuberous species are common) totally lacking the ability to resprout
after fire. In California, for example, approximately ome-third of the Ceanothus and
Arctostaphylos species resprout from lignotubers after fire in addition to postfire
seedling establishment. The.rest of the species are incapable of resprouting and thus
are obligate seeders. A similar array of genera with lignotuberous species and obligate-
seeding species is found in the Australian mallee (Specht and others 1958) and the
South African fynbos (Kruger 1977). Such species, which lack ability to resprout from
underground parts, are rare among woody dicots (Wells 1969). That these obligate
seeders are "fire-type' species as suggested by Jepson (1916) is supported by their
high frequency in the chaparral, mallee, and fynbos and their absence in the Chilean
matorral, a Mediterranean-climate region of low natural fire frequency (Mooney 1977b).

The adaptive significance of obligate-seeding species is not obvious. Evidence
that the California obligate-seeding species were derived from lignotuberous sprouting
ancestors is given by Wells (1969) and Stebbins (1974). Obligate-seeding species
likely evolved on sites where high mortality of resprouters favored reallocation of
energy from lignotuber to seed production. This would follow because: (1) resprouting
is less useful on such sites and (2) fewer resprouts mean less competition for seed-
lings and thus a greater premium on seedling production. Therefore, obligate seeders
are dependent upon fires which create large openings for seedlings at the expense of
resprouters. This could come about if fires were sporadic and occasionally there were
long periods of time between fires; there would be fewer shrubs alive, thus fewer
potential resprouts, and fewer still would survive the more intense fires (fig. 5).
Obligate seeders can survive long periods without fire as seeds in the soil. This
scenario would be exacerbated on more xeric sites since (1) these sites would have
fewer shrubs (and thus fewer resprouts) and (2) fires would tend to be more intense
regardless of the age, and thus result in higher mortality of resprouters. It is of
interest that obligate-seeding species favor the driest slopes and ridgetops whereas
north-facing slopes, which support an abundance of vigorous resprouters, are the least
fzvored sites. Specht (1980) describes a similar situation in the Australian mallee
where in humid areas the high density of resprouters tends to suppress obligate seeding,
whereas in drier habitats they survive in gaps between the more widely spaced resprouters.
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Figure 5.--Model of the relationship between successional changes in the
density of live shrubs and relative abundance of postfire resprouting
shrubs resulting from fires early vs. late in succession (redrawn from
Keeley and Zedler 1978). See Brown (1958) for enhanced resprouting under
frequent fires and Keeley and Zedler (1978) and Schlesinger and Gill (1978)
for thinning (and change from contagious to random distribution) in older

chaparral.

Mediterranean-Climate Deciduous Scrub

Most Mediterranean climate regions have a summer deciduous highly aromatic sub-
ligneous vegetation on the drier margins of evergreen scrub. From what little is
known of this vegetation (for all regions) it seems the southern California Coastal
Sage Scrub is representative. This community is characterized by closely spaced
shrubs 1-1% m tall. It is best developed at lower elevations, on Xeric sites, in
midst of chaparral. Due to its coastal location, it is distant from lightning storms
which are concentrated at higher elevations inland (Keeley 1977b). This, coupled with
prevailing on-shore winds during thunderstorms, militates against a high natural fire
frequency for this vegetation (Sauer 1977, Byrne and others 1977).

The longevity of these shrubs is not well known; in one instance shrubs over
40 years old were quite vigorous (Keeley, unpublished data). All species produce
abundant light, wind-dispersed seeds. The extent of seed storage in soil until fire is
unknown. However, no coastal sage species is known to require fire scarification to
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(Mirov and Kraebel 1937, Keeley unpublished data). Also, seedlings of most coastal
sage species readily establish without fire, in openings in coastal sage vegetation
(personal observation), or openings in chaparral (personal observation; Patric and
Hanes 1964). Postfire regeneration is poorly understood. All species, even the most
suffrutescent ones, are vigorous resprouters from caudices and (in some species) root
systems (Keeley unpublished data). Postfire resprouting, however, is apparently
sensitive to fire intensity since these shrubs (when found in association with chapar-
ral) are often reported as nonsprouters. Apparently most coastal sage species do not
store seeds in the soil until fire. This is suggested by the recent discovery that
shrub seedling establishment in the first postfire year is nil (J. Keeley unpublished
data). Most shrub resprouts, however, flower the first year after fire and establish
abundant seedlings the second year.

Humid Evergreen Scrub

On poor soils throughout the mild and humid coastal plain of the southeastern
United States is a shrub vegetation. On sandy soils in maritime situations it forms a
dense scrub whereas in bogs it is interspersed among, and often successional to, other
vegetation types (Schlesinger 1978). This region is characterized by precipitation
throughout the year and frequent spring and summer lightning storms. Natural fires
can occur only in very dry seasons and are not always common (Webber 1935).

The vegetation is a dense tangle of broad-leafed evergreen sclerophyllous-leaved
shrubs, distinctly lacking herbaceous understory. Little is known about the repro-
ductive characteristics of these shrubs. Seeds are mostly animal dispersed with some
species producing acorns, others fleshy drupes. Seedling establishment is apparently
rare under mature shrubs and there is little viable seed storage or none that survives
fire, since seedlings do not establish after fire (Webber 1935). Vegetative reproduc-
tion is uncommon though all species regenerate vigorously from rootstocks after fire,
even in the face of repeated frequent fires. Under natural conditions, the fire
frequency is low, since moisture content of the vegetation is usually high . and there
is no herbaceous vegetation to carry a fire. 1In fact, the dearth of herbs extends
into a "bare zone" around the edge, preventing fires from being carried into the scrub
from adjacent savannas (Webber 1935). This scrub vegetation can withstand long fire-
free periods since most of the shrubs are long lived, often becoming small trees.

They probably owe their existence to occasional periods with frequent fires which
eliminate pines and to poor soils which slow reinvasion by the pines or sprouting
hardwood trees.

Once scrub vegetation has established, it is maintained by resprouting after
fire. Seed production appears to contribute little to continuation of the stand;
rather, seeds are dispersed elsewhere. Once in a new area, seeds germinate, and may
infrequently establish new shrubs beneath the sparse canopy of certain pine formationms.
Given a peculiar sequence of frequent fires (which elminate some pines but allow
resprouting shrubs to remain) coupled with infrequent fires (which allow for establish-
ment of new shrubs), there may be slow attrition and eventual replacement of pines with
scrub vegetation. :

Arid (Desert) Scrub

Scrub vegetation in arid regions frequented by summer thunderstorms is common in
both the temperates and tropics. Lightning fires are frequent though the spread of
fire is often limited by lack of fuel. This vegetation is well developed throughout
southwestern North America where it consists mostly of spiny shrubs and subshrubs.
Seed production is erratic from year to year. The seed of many species requires
scarification and this can come about in a variety of ways. Thus, seedling establish-
ment can occur without a fire, though it is erratic and probably linked to precipita-
tion patterns.
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Vegetative spread is poorly developed except for layering in some species. Most
shrubs can resprout from bBasal portions after fire, though some species are more
vigorous than others (Box and others 1967). Fires are sporadic, dependent on the
buildup of herbaceous fuel coupled with a summer lightning storm. Fires are commonly
destructive to seedlings and small '"saplings" (Cable 1972). Older shrubs, for the
most part, can survive and resprout. Few seedlings establish from soil-stored seed
though it is not known whether this is due to low seed storage or fire-killed seeds.
Many subshrubs produce light seeds which readily blow in and establish after fire. 1In
general, seedling establishment is not highly dependent upon fire and will occur in
all species whenever there is a favorable opening.

Temperate Forest Successional Shrubs

For a short time after fire in temperate forests, there is a successional stage of
shrubs. Frequency of natural fires and type of understory shrubs is quite different
in western and eastern forests of North America.

WESTERN FOREST SHRUBS

Coniferous forests, subjected to dry summers interspersed with lightning storms,
are occasionally eliminated by crown fires and temporarily replaced by shrub vegetation.
Shrubs are 2 to 4 m tall and capable of living 50 to 100 years, but they are normally
shaded out much earlier by forest regeneration. Where regeneration is slow, due to
peculiarities of the site or its history, this shrub vegetation may remain for extended
periods of time.

The shrub species can be conveniently divided into two groups. One, consisting
of species of Ceanothus and Arctostaphylos, produces seeds that are not well adapted
to widespread dispersal. Substantial seed production begins at ca. 10 years and the
seeds accumulate in soil until seed coat scarification which commonly comes about from
intense heat during a fire (Cronemiller 1959, Quick and Quick 1961, Gratkowski 1962,
Orme and Leege 1976). These species are found at higher elevations throughout the
western United States, but as a'group are best developed in the Sierra Nevada. The
other group of species, e.g., Prunus, Sambucus, Rosa, Rubus, Salix, and Symphoricarpos
species, are characterized by production of widely dispersed seeds with no seedcoat
scarification requirement. These seeds apparently do not survive fire (Lyon and
Stickney 1976) though it is not known whether in the absence of fire they remain in the
soil until some other disturbance. Several species of Ribes fir neither group, having
widely dispersed seeds which require scarification, usually by fire (Quick 1962).

Vegetative spread by rhizomes is common in group 2 species but not group 1 species.
All species, however, can resprout from underground parts after the tops are removed
by fire.

Group 1 species (Ceanothus and Arctostaphvlos) seem most specifically adapted to
fire. Lack of widespread seed disperal suggests that these shrubs are adapted to
widespread fires, i.e., if fires cover large areas, there is low probability of
reaching a site which will burn sooner than the parent site. Thus, seeds are deposited
into the soil and remain dormant until the next fire. If repeat fire occurs within a
few years, these species can resprout from the root crown. As the canopy species
recover and shade out the shrubs, the potential for regeneration from resprouts is
eliminated. However, soil-stored seeds appear to have a great longevity as evidenced
by synchronous establishment of large numbers of seedlings after fire in 400-year-old
forests (Gratkowski 1962, Youngberg and Wollum 1976).

Group 2 species are adapted for dispersing into localized disturbed areas but not
necessarily ones due to fires, e.g., treefalls. Also, having widely dispersed seeds,
they can disperse into areas disturbed after a long disturbance-free period which would
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ioration of the group 1 species soil-stored seed. Since
establishment on a ‘given site is highly probabilistic, being dependent upon disturbance
followed by a propagule, it is likely that some seeds will arrive sooner than others.
Thus, early arriving species can benefit greatly by vigorous vegetative spread, a
trait common to group 2 species but not group l.

:
----- in the deter
»

EASTERN FOREST SHRUBS

The predominantly winter deciduous forests of the east are characterized by cold
snowy winters and some precipitation throughout the year. Moisture condition of the
vegetation is usually high; consequently lightning fires seldom coincide with burning
conditions (Barden and Woods 1973). Therefore, natural fires are infrequent and
unpredictable and, if they did not produce conditions similar to other types of distur-
bance, fires might be considered catastrophes rather than disasters (sensu Harper
1977).

The shrub species may be evergreen or deciduous. Most are shade intolerant and
thus entirely early successional. Forest regeneration is rapid; consequently, shrubs
may survive only 5 to 15 years. Seed production begins early in the life cycle and is
frequent and abundant (Johnson and Landers 1978). Seed disperal mechanisms are well
developed in all species. Most produce brightly colored fleshy fruits attractive to a
wide variety of birds and mammals, ensuring their widespread dispersal (Smith 1975,
Thompson and Willson 1978). Many species have viable seed stored in soil for long
periods (Olmsted and Curtis 1947, Moore and Wien 1977), whereas others do not. Seedling
establishment is uncommon without disturbance. Many species require an opening in the
forest canopy for germination, the cue probably being light (Marks 1974).

Most of the species, e.g., Rubus, Vaccinium, Lonicera, Rosa, Rhus, Sassafras,
Crategus, and Symphoricarpus species, are capable of aggressive vegetative reproduction
by stolons or rhizomes. The majority are capable of rapid regeneration from root crowns
or caudices (Ahlgren 1960) if disturbance occurs before forest canopy closure has
eliminated them. In fact, dependent upon forest structure these species may persist,
e.g., Reiners (1967) showed that abundance of Vaccinium in oak-pine forest is propor-
tional to light penetration.

Natural fire frequeny for this environment is probably once every 100 to 300 years.
However, other sorts of disturbances (e.g., tree falls from tornadoes, cyclones, heavy
snowpack, senescence) are common. Such disturbances are localized and distributed
mosaic fashion. The reproductive mode of the shrubs is closely tuned to this pattern.
When localized disturbance occurs, some viable seed may already be in the soil and
other seeds will come in rapidly because bird dispersers (looking for other seeds) are
attracted to the openings (Thompson and Willson 1978). Early arriving seedlings will
spread vegetatively, attempting to preempt as much space as possible. As the opening
becomes more crowded, less energy will go into vegetative growth and more into seeds
(Abrahamson 1975) which are dispersed elsewhere.

Scrub Steppe

Scrub steppe vegetation occurs in regions with deep soils and severe continental
climate. Annual precipitation is low, coming mostly in the form of winter snow.
Since storms are concentrated in winter, lightning fires are infrequent (Komarek
1967). In Nerth America this vegetation is known as Great Basin Sage Scrub and natural
fires are considered rare (Billings 1951 cited in Beatley 1966). The vegetation is
dominated by two shrubs, Artemisia tridentata and Purshia tridentata, in association
with a variety of subshrubs and grasses. Artemisia and Purshia are long-lived (100 to
200 years) evergreen "eoft-wooded" shrubs, variable in size (0.5 to 4 m), dependent upon
the region.
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Both shrubs flower and fruit consistently, Artemisia producing an abundance of
tiny widely dispersed seeds (Deitschman 1974) and Purshia fewer, larger, less mobile
seeds (Deitschman and others 1974). Seeds which accumulate in mature stands contribute
new individuals slowly and are greatly reduced in number by fire (Mueggler 1956).
Seedling establishment is vigorous in openings or adjacent grassy areas (Humphrey
1962, Sampson and Jesperson 1963) and after fire from seed dispersing in from adajacent
areas (Loope and Gruell 1973).

Other than layering on certain extreme sites, these dominant shrubs have no
capacity for vegetative reproduction. For the most part neither can resprout after
fire; there are exceptions, however. While resprouting is rare in most populations of
P. tridentata there are certain regions with vigorous resprouting populations (Blaisdell
and Mueggler 1956). That this is genetically controlled is suggested by the observation
that resprouting frequency increases in populations in the southern part of its range
where it overlaps and hybridizes with the closely related desert resprouting shrub,
Purshia glandulosa (Nord 1965). The increase in resprouting from north to south among
the two species may be related to a similar gradient in increasing summer thunderstorms

and natural fire frequency.

Data from Wyoming indicate that fire frequencies between 1C<and 20-year intervals
are sufficient to replace A. tridentata with bunchgrasses, but it readily reestablishes
given an 80-year fire-free period (Houston 1973), and this time frame is supported by
studies in Utah (Pickford 1932). Given a longer fire-free period than this, juniper
can invade and replace sagebrush (Barney and Frischknecht 1974). This, however,
requires a seed source area immediately available since rapid juniper invasion is
generally restricted to ecotonal areas between the two vegetation types (Burkhardt
and Tisdale 1976). Thus, long fire-free periods throughout much of the Great Basin
probably would not result in juniper invasion.

Tropical Rain Forest Understory Shrubs

Scattered short-statured shrubs occur in the understory of lowland tropical
forest in both the 0ld and New World. Precipitation is evenly distributed throughout
the year so that the moisture condition of the vegetation essentially precludes natural
fires (Phillips 1965). Palms are an important part of this understory vigetation. A
typical example is Podococcus barteri, a common African understory palm.= Flowering
and fruiting occur over many months and actual seed production may be quite small.
Fruits are fleshy and likely animal dispersed. Seedling establishment is not common.
Most reproduction is due to clonal spread from stolons. An individual is estimated to
live for more than 100 years. It was estimated that stolon production began after
about 15 years with flowering beginning after 40 vears. In contrast to Podococcus is
the New Werld tropical understory palm Cryosophilia guagara. This species establishes
seedlings under the closed canopy. However, a break in the canopy is required for the
seedlings to develop further and reproduce (Richards and Williamson 1975).

Summary: Shrub Communities

Mediterranean evergreen scrub vegetation represents a number of specialized
adaptations to fire. The most prominent have poorly dispersed seeds, fire-stimulated
germination, basal burls, ;or obligate-seeding shrubs. Lack of well-developed seed
dispersal mechanisms in the dominant species (90 percent by cover, Bullock 1978) may
stem from widespread fires. Seed germination cued to fire reflects the inhospitality
of chaparral understory (low light and high predation) coupled with predictability
that fire will occur before much -of the canopy dies. Basal burls may represent a
response to problems unique to Mediterranean shrubs; maintenance of an extensive root
system when the tops have been removed but conditions are unsuitable for their

2/

— Bullock, S. H. Demography of an undergrowth palm in Biafran rain forest.
Unpublished ms.
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immediate restoration., Obligate-seeding species are another unique feature of most
Mediterranean regions. They may have evolved in response to an increasing number of
sites on which resprouters could not succeed. The outcome would be twofold: (1) large
"openings" for seedlings, thus selection for higher seed production, and (2) less chance
of resprouting, thus less intense selection for maintenance of a burl; in sum, a
reallocation of energy from burl to seed. This scenario is supported by evidence that
California obligate-seeders arose from burl-forming ancestors. This may account for
loss of the burl. Loss of sprouting per se may be due to ineffectiveness of resprouting
without a burl on the more xeric sites. Thus, Mediterranean scrub represents one of

the most specialized vegetations with respect to fire. These adaptations reflect high
predictability of fire in the environment. However, they do not reflect the predic-
tability of frequent fires, i.e., the vegetation as a type is degraded by too frequent
fires and not obviously affected by fires as few as one per century (Keeley and Zedler
1978).

Southern California Coastal Sage Scrub is a vegetation type further removed than
chaparral from natural fire sources, thus fire is more unpredictable. Postfire
regeneration occurs from sprouts in some cases and from seed either in the soil or
blowing in. If fires are too frequent, coastal sage is replaced with grass. Shrub
seedlings can establish in openings and thus this vegetation (unlike chaparral, for
example) can regenerate (albiet slowly) in the absence of fire. Its well-developed
colonization capacity suggests it may have played a role in a sort of gap phase
succession with oak woodland prior to increased fire frequencies (and elimination of
much of the oak woodland) upon arrival of hominids in southern California (Wells
1962). Today, coastal sage species colonize chaparral areas thinned out by too frequent
fires.

The coastal plain evergreen scrub of the southeastern U.S. resembles Mediterranean-
climate scrub in many ways (sclerophylly, evergreenness, small leaves, sprouting, deep
roots, lack of herbaceous understory, and sometimes a peripheral "bare zone"). The
structural features are general adaptations to a variety of semixeric environments
(Axelrod 1975). However, this is where the similarities end. Coastal plain scrub
differs from chaparral in that seeds are not stored locally and stimulated by fire to
germinate, and there are no burl-forming or obligate-seedling shrubs. Although
coastal plain scrub is not as specialized to fire as chaparral, it exhibits much
greater resilience to high fire frequency. ‘

Desert scrub vegetation can recover following occasional fires, predominantly
from resprouting. Seedling establishment occurs without fire, thus many age classes
are present when fire occurs resulting in the younger age classes being killed.
Consequently, frequent fires may result in an unstable age structure. In the absence
of fire, desert shrubs are capable of maintaining themselves. The fact that summer
lightning storms occur and that desert shrubs such as Purshia glandulosa, have evolved
or maintained the resprouting ability when a closely related congener, P. tridentata
has not, suggests fire may have been a selective agent in this vegetation.

Temperate forest successional shrubs exhibit two strategies. One which is best
developed in the more western forests is similar to the predominant chaparral shrub
strategy. It involves shrubs which lack vigorous vegetative reproduction and produce
poorly dispersed, long-lived, fire-stimulated seeds. The shrubs are all relatively
resilient to fire, all able to resprout if fires are too frequent, and all remain
dormant as seeds if fires are infrequent. Widespread fires have probably selected
against disperal mechanisms. Local seed storage in the soil results in abundant seedling
establishment following fire; consequently, less is to be gained by spreading vegeta-
tively than growing vertically. The second strategy (most highly developed in eastern
forests) involves shrubs with vigorous vegetative reproduction and widely dispersed
seeds lacking any seedcoat scarification requirement. Widespread seed disperal
suggests adaptation to & more localized disturbance, of which fire may be only one type.

253



Since disturbances other than fire result in openings for these shrubs, there has been
no selection for heat-stimulated germination. Also, a seed reaching an opening first
will benefit by spreading vegetatively and preempting space. All of these shrubs
resprout after the tops are removed, thus frequent fires are not harmful; nor is the
complete absence of fire harmful, since other disturbances are probably common enocugh
to maintain these shrubs.

Steppe-type scrub shows little dependence upon fire except in defining the border
between it and juniper woodland at the base of various mountain ranges. The dominant
shrubs do not resprout and revegetation following fire requires recolonization from
the outside. Thus, this vegetation is not resilient to frequent fires and can maintain
itself throughout most of its range without fire.

Tropical understory shrubs probably have had no evolutionary influence from fire.
Some resemble temperate forest successional shrubs in dependence upon openings and
strategies for getting to them. Others are shade tolerant and not dependent upon
disturbances and instead exist as understory shrubs. Vegetative spread is the dominant
reproductive mode. Reduced seed production may reflect the dwindling importance of
two common functions of seeds: (1) to provide a dormant stage and (2) to provide a
dispersal agent.

TREE VEGETATION TYPES

A list of the major tree vegetation types considered here is given in table 5.
Note that in addition to the 1life history responses listed in table 1, trees, unlike
herbs and shrubs, have the capacity to resist fires through their tall growth form in
conjunction with self-pruning and thick fire-resistant bark. In some instances,
resistance to fire may be as important as (and functionally similar to?) resprouting.

Temperate Coniferous Forests

Throughout temperate regions of the world are a variety of coniferous forest
types. I will focus here on a few communities and individual species from North
America which represent responses from low to high fire frequency.

SEQUOIA MIXED CONIFER FOREST

Throughout the Sierra Nevada Range of California, between 1 000 and 2 000 m elevation,
is a forest dominated by Pinus ponderosa, P. lambertiana, Abies concolor, and Calocedrus
decurrens with scattered groves of Sequoiadendron giganteum. The climate is Mediter-
ranean with most of moisture coming in the winter as snow and the summers subject to
droughts. Summer thunderstorms are frequent and although they contribute little to
the annual precipitation they provide a source of lightning fires.

Studies of tree-ring chronologies in fire-scarred trees indicate that, during the
18th and 19th centuries, widely separate areas had fire frequencies ranging from 2 to
20 years with an average interval of 5 to 10 years (Wagener 1961, Kilgore 1973).
Evidence indicates that aboriginal man who occupied parts of this region for the last
1,000 years contributed substantially to this frequency of fires. Reynolds (1959)
provided evidence of this for the central Sierra Nevada by demonstrating the unlikeli-
hood that lightning fire frequency could account for fire scar frequencies in trees of
this region. By comparing fire scar frequencies from different historical periods
Kilgore and Tayler (1979) have also provided substantial evidence of Indian influence
on past fire frequencies for the southern Sierra Nevada. Their data show an approximate
five-fold decrease in fire scar formation after the elimination of the Sierran Indian
culture (1870's) but before the U.S. fire suppression effort around 1900 (fig. 6).
Thus, a ''matural" fire frequency (natural in the sense that life history attributes
evolved long before Indian occupation) for the mixed conifer forest is lower than the
fire scar data indicate.
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TABLE 5.--Principal tree vegetation types, estimated natural fire frequency, and a rough
estimate of the minimum and maximum fire-free interval to which they are

resilient
Minimum Maximum
Modal fire fire-free fire-free
Vegetation type frequency interval interval
—————————— Years - - = = = = = - - -
Temperate coniferous forests:
sequoia mixed coniferous forests 10-100 1-3 600
Lodgepole forest -

Sierra Nevada 100-300 ? ©
Lodgepole forest -

Rocky Mountains 40~ 80 15 200-300
Southeastern pine savanna 20- 50 0 200
Pine barrens 10- 20 1-3 200
Chaparral conifers -

Cupressus 50-100 20 2007

Pinus 20- 40 10 100
Pinyon-juniper woodland 100-300 100 o
Boreal forest 20~300 ? ©

Temperate deciduous forest 100-500 25 ©
Tropical rain forest o e ©
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Figure 6.--Number of fire scars per
100 annual growth rings in trees
from two sites in the southern
Sierra Nevada, presented by
historical period; (1) 1800-1875
includes Indian and lightning
set fires, (2) 1876-1899 there was
no Indian burning, only lightning
and settler-set fires, but no fire
protection, and (3) 1900-1971
fire protection. RC = Redwood, number

of trees = 37; BC = Bearskin Creek,
a2k ﬂ — n = 183 (based on data from Kilgore
RC BC RC BC RC BC and Taylor 1979).

1800 - 1875 1876 - 1899 1900 - 1971

69

Fire Scars/100 Rings

Extrapolating from Kilgore and Taylor's data, the natural fire frequency is
approximately one-fifth of that indicated by tree chronologies. A reasonable range
might be 10 to 100 years with a 25Zto 50-year mode. Given these bounds, the mixed
conifer belt very likely evolved under a temporal mosaic of fire frequencies; e.g.,
periods of frequent ground fires interrupted by an occasional hiatus in fires and
terminated by a severe crown fire. The rugged topography of this region would promote
irregular burning patterns and further contribute to this mosaic of frequent ground
fires interspersed with severe crown fires. It should be kept in mind that when John
Muir stated, "In the main forest belt of California fires seldom or never sweep from
tree to tree in broad all-enveloping sheets'" (Muir 1938), he was reflecting the fire
regime resulting from widespread Indian influence. Notwithstanding, there is evidence
of occasional widespread crown fires even during this period (Burcham 1973, Reynolds
1959, Wagener 1961).

The influence of a temporal mosaic of ground fire and occasional severe crown
fires is reflected in the life history attributes of the shrubs (see previous section)
and trees of this region (Fowells 1965). The dominant trees are long lived, most
species surviving 300 to 600 years (P. lambertiana to 1,000 years, S. giganteum to 3,000
vears). Substantial seed production begins between 40 and 120 years, with P. ponderosa
at the lower end and P. lambertiana and S. giganteum at the upper end. Annual seed
production fluctuates with "good' years occurring at intervals of 3 to 9 years. Seeds
are wind-dispersed and although most species have winged seeds, the bulk of the seed
crop falls within 50 m of the parent tree. However, the small amount dispersed further
may be significant in some instances, since seedling establishment in most of these
species is dependent upon an exacting set of microsite conditions. For example, P.
ponderosa and S. giganteum seedlings require highly lit, mineral-soil sites, whereas
A. concolor establishes best in litter beneath the canopy of shrubs or trees. In all
species, seed storage in soil is insignificant.

Vegetative reproduction or regeneration from sprouts is essentially unknown in
these species. Resistance to fire varies widelv both between species and between age
classes within a species. 1In general, seedlings and saplings of all species are
sensitive to fire, even light ground fires (Connaughton 1934, Hartesveldt and Harvey
1967). Kilgore and Taylor (1979) found that the youngest age at which fire scars were
laid down was between 15 and 20 years in most species, suggesting that trees vounger
than this did not survive fires. Thus, for the first couple of decades of a sapling's
life, survival is greatly enhanced by lack of fire.
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Today, the mixed conifer forest is a patchwork mosaic of various species combina-
tions (Kilgore 1973) which very likely reflect differing species' tolerances or optima
in fire regime. For example, mature P. ponderosa are tall, thick-barked trees which
self-prune and thus can withstand centuries of light to severe ground fires. Seedling
establishment requires a local seed source, a relatively open site such as after a
crown fire followed by a period of years without fire. Thus, occasional ground fires
distributed mosaic fashion, which by chance happen to skip patches of forest for many
years, would result in a patchwork of small crown fires near seed source trees. The
cohort of seedlings established after such a disaster would in later years be thinned
by ground fires and eventually result in a localized even-aged stand which is commonly
the case for P. ponderosa (Fowells 1965). Sequoia seems to have a life history adapted
to a similar scenario, i.e., ground fires which thin the understory and thus ensure
the survival of some seed source trees, coupled with the occasional localized severe
fire which opens the forest canopy. In general, S. giganteum seedlings establish and
survive best on open sites after severe fires followed by a lack of burning (Hartesveldt
and Harvey 1967).

In contrast to these two species, Abies concolor is dependent upon the existence
of sites which remain fire free for extended periods. Although their thin bark and
lack of self-pruning make them sensitive to ground fires, older individuals can
survive light fires. Seedlings, howver, do not establish well in openings, rather
they do best beneath the canopy of other vegetation. Thus, mature A. concolor is
able to survive on sites periodically burned with light ground fires; however, seedling
establishement and development to maturity is dependent upon localized sites which
remain free of fire for extended periods. Given enough time, conditions suitable for
a crown fire can occur in a white fir stand replacing it with ponderosa pine. Increased
establishment of A. concolor since presettlement times is well documented and it is
generally agreed this is due to decreased frequency of fire. What is not generally
appreciated is that, although present densities are unnaturally high due to fire protec-
tion, presettlement levels were unnaturally low due to Indian burning. This is
illustrated by Kilgore and Taylor's (1979) demonstration that (1) a large surge of Abies
following collapse of the Indian cultures (ca. 1870) and (2) most of the Abies
establishment occurred prior to fire protection (ca. 1900).

Frequent fires represent an important component of the fire regime of the mixed
conifer forest, in large part because they preserve seed source trees by "breaking up"
the region and thus prevent widespread crown fires. This is critical since seeds are
not stored in the soil and long-range dispersal is poorly developed. However, fires
are not ubiquitous, and localized areas throughout the region remain unburned for
extended periods. Species such as Abies concolor are dependent upon such sites for
establishment, but eventually these localized stands are removed by severe fire and it
is upon this sort of event that P. ponderosa is dependent. The other mixed-conifer
trees represent adaptive solutions somewhat intermediate to these extremes. In terms
of resilience all species can withstand occasional periods of frequent fires as well
as extremely long fire-free periods.

LODGEPOLE FOREST--SIERRA NEVADA

At between 2 700 and 3 200 m in the Sierra Nevada is forest dominated by Pinus
contorta spp. murrayana. The region is characterized by a short growing season,
infrequency of droughts, sparse forests, and relative infrequency of lightning fires
(Reynolds 1959). Natural fire frequency for this vegetation is apparently very low.
This is suggested by results from the Natural Fire Management Zone in Sequoia and
Kings Canyon National Parks. This zone includes over 200 000 ha generally above 2 600
m, in which 21l naturally ignited fires are allowed to burn (Parsoms 1877). Over =
period of 9 years less than 2 percent of the region has burned, suggesting a recurrence
interval for the region of several hundred years. Even when fires do occur after &
long fire-free period, fuel and moisture conditions are such as to preclude extensive
crown fires.
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Pinus contorta, the dominant tree of this forest, is relatively long lived, at-
taining ages in exces® of 600 years. In most respects seed production characteristics
are similar to other pines in this region, i.e., production of winged seeds more or
less locally distributed establishing best on exposed mineral soil. Unlike populations
of P. contorta in the Rocky Mountains, there is no tendency towards serotiny in Sierran
populations. Pinus contorta differs from pine species found in more fire-prone regions
in that it has relatively thin bark, self prunes poorly, and in more open stands has
branches near the ground.

Thus, fires are uncommon in the lodgepole type as are adaptive characteristics
for surviving fires. Seedling establishment 1s generally on sites exposed by tree-
falls or in meadows following a change in water table.

Lodgepole Forest--Rocky Mountains

In some parts of the Rocky Mountains, Pinus contorta populations produce mostly
serotinous cones (Critchfield 1957) and this is apparently genetically controlled
(Lotan 1967, Teich 1970). The climate of this region is continental with some precipi-
tation occurring during summer months (particularly accompanying lightning) so that
conditions conducive to fires occur at infrequent intervals (Loope and Gruell 1973).
Lodgepole pine occurs at lower elevations than in the Sierra Nevada (1 800 to 2 400 m),
therefore the growing season is longer and forests more heavily stocked and summer dry
periods more likely to occur. Fires are infrequent in this region, but when they occur
they tend to be destructive crown fires (Komarek 1967, Muir 1938, Loope and Gruell 1973).
Populations with serotinous cones reestablish even-aged populations after fire. Over
extended periods without fire, more shade-tolerant spruce and fir will invade (Lotan

1976).

Thus, P. contorta under an infrequent but predictable and severe fire regime has
taken on the role of a successional species. An obvious response to this role is the
serotinous habitat. However, in many parts of its range, selection has adjusted
(genetically) the frequency of serotiny to reflect local predictability of fire (Lotan
1967, Perry and Lotan 1979).

Southeastern Pine Savannas and Pine Barrens

The mild-humid forested regions of eastern North America have precipitation
distributed throughout the year; therefore, even though spring and summer thunderstorms
are common, burning conditions often are not conducive to fires. Drier summer condi-
tions, and therefore fire frequency, increase from north to south, from mountains to
coastal plain, and from poorly to well-drained soils (Doolittle 1977). Given an
extended period free from disturbance, most of this region would support a forest of
mixed hardwoods (Christensen, this volume). There are, however, several pine species
prominent as successional species or more permanent members on edaphically severe
sites, viz, poorly or excessively drained soils (Fowells 1965).

These pines have a number of common characteristics: (1) they are nor long lived
(100 to 200 years), (2) they are capable of substantial seed production at 15 to 20
vears, (3) seeds are wind-dispersed, most within 50 to 100 m, (4) seed is not stored in
soil, and (5) seedling establishment usually requires exposed mineral soil.

The loblolly-shertleaf pine community is the most widely distributed of the
successional pine types. Dominants are Pinus taedz and P. echinata and in the absence
of disturbance the former persists on very wet sites, the latter on drier low-nutrient
sites. Mature individuals of both species can withstand light ground fires and young
seedlings (and saplings in P. echinata) can resprout from the root collar after fire.
Both pines invade hardwood sites recently cleared by severe crown fires. The tenure
of this pine forest is closely tied to the sequence of fires to follow. Without

258



further disturbance, the hardwood sprouts may overtake and shade out the pines in 50 to
100 years. Light ground fires have little effect on this successional sequence, since
the hardwoods resprout vigorously and the pines do not establish in their shade (Little
1973, Baden and Woods 1976). A severe ground fire or repeated light fires will thin
the overstory and replace the hardwood understory with grasses resulting in pine
savanna; this, however, will be a temporary type since these pines establish seedlings
poorly under their own canopy and/or in the face of repeated fires.

These pines therefore require more or less localized disturbances which remove a
portion of the canopy, but not all local seed source trees. Both species are resilient
to periods of frequent fires since seedlings resprout and mature trees have thick
fire-resistant bark. Neither species is resilient to long fire-free periods. Two
other pines with a somewhat similar relationship to fire are P. elliotii and P.
palustris. These species are less widespread and less invasive, best developed on
azonal soils. Pinus elliotii is common in poorly drained flatwoods and on pond
margins. Occasional fires allow establishment on better drained sites; however,
seedlings and saplings are sensitive to light fires. Pinus palustris occupies sandy,
excessively drained sites and has a life cycle closely cued to these xeric conditioms.
During the first 3 to 7 years (or longer, dependent upon soil-moisture conditions)
energy is diverted from stem to root growth, producing a grasslike seedling above
ground. After the first year of growth this grass stage is resistant to fire, having
buds protected by needles and scales. For a period after stem growth begins, the
seedling is somewhat sensitive to fires, because it does not resprout, but soon develops
fire-resistant bark. '

The greatest degree of adaptation to fire is found in two pines with more localized
distributions, P. rigida and P. serotina, both more or less restricted to extreme
sites; the former on poor sandy or gravelly soils, the latter on frequently waterlogged
sites. These two trees differ from the previous species in that (1) they are more
vigorous resprouters (at any age) both from root collar and stem, (2) they produce seeds
at an early age (3 to 4 years in resprouts), and (3) they produce serotinous cones to
varying degrees (being highly dependent upon fire history of the site [Little 1974]).
In light of these specialized fire adaptations and the fact that both these species
are resilient to frequent fires, it seems likely they evolved under a more frequent
fire regime than associated congeners. This seems reasonable for P. rigida, since it
occupies semixeric sites, but not for P. serotina which is generally restricted to
bogs. It may be that P. serotina has not been exposed to more frequent fires than
other southeastern pines but that fires were more devastating. This could come about
in several ways. Growth on these waterlogged sites is commonly stunted, thus relative
frequency of fire between stages, e.g., seedling to sapling, may be greater. Stunted
growth, exacerbated by fire, would mean the crown would be exposed to severe burning
more frequently. This might select for ability to resprout from the stem. Serotiny
which is well developed may have been derived for similar reasons, i.e., not necessarily
more frequent fires, but more severe fires.

CHAPARRAL CONIFERS

Mediterranean-climate scrub in North America is commonly associated with local
patches of conifer forests within a chaparral matrix. Dominants include several
species of Pinus and Cupressus, each of which have serotinous cones but do not resprout
after fire and Pseudotsuga macrocarpa which resprouts but is without serotinous
cones.

One species is Cupressus forbesii, a small tree occurring in small even-aged
monotypic groves in the midst of dense chaparral in southern California and adjacent
parts of Baja California. Substantial seed production does not begin until about 40
years of age, and for the most part seeds are not dispersed until fire opens the
cones. The wingless seeds are very poorly dispersed and so seedlings establish more
or less within the boundaries of the parent grove. Cupressus forbesii may owe its
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extinction in stands burned at the present frequency of every 20 to 30 years. Zedler
(1977a) has provided good evidence of this last point by showing that stands burned
after 21 and 28 years have marked declines in density (table 6). Similar declines in
populations subjected to the present man-induced fire frequency of 20 to 30 years have
been described by Reveal (1978) for another closed-cone cypress (C. arizonica var.
stephensonii).

Pseudostuga macrocarpa, unlike the other chaparral conifers, does not occur in
pure even-aged stands. It is long lived (300 to 600 years) and generally found on
mesic, less fire-prone north-facing slopes and ravines in association with Quercus
chrysolepsis. Seed production does not begin early in life and seeds are not widely
dispersed; however, seedlings establish under the canopy in the absence of fire (Sawyer
and others 1977). When fires occur the youngest age classes are killed but the oldest
can resprout from the stem (Bolton and Vogl 1969). Frequent fires in recent years
have apparently eliminated poptlations at lower elevations, thereby reducing the range
of P. macrocarpa (Gause 1966). Thus, P. macrocarpa like Cupressus spp. is not resilient
after frequent fires. Tt is capable, like many nearby chaparral shrubs, of withstanding
long fire-free periods.

TABLE 6.--Reconstruction of stand densities based on sample data and conser-
vative extrapolations from data on stand structure and seedling
mortality for Cupressus forbesii in San Diego, Calif. (from
Zedler 1977a)

Length of time 2
Year since last fire Cypress trees/m

Years

Bigrock Stand

(1944) 64 ( ~1.0)
(1945) 0.5 (>14.0)
1972 . 28 8.9
1976 1 0.60

Smugegler's Canyon

(1944) 64 ( ~1.07)
(1945) 0.5 ( ~1.5)
1965 21 >1.04
1966 0.5 (0.04)
1972 7 0.03
1976 1 0.02
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PINYON-JUNIPER WOODLAND

Woodland dominated by a few species of Juniperus and Pinus occurs throughout
western portions of North America. The climate is continental with sparse precipitation
(250 to 500 mm/yr), usually as winter smow. Summers are hot and occasionally interrupted
by thunderstorms; although precipitation is generally unavailable to the trees, these
storms provide ignition for natural fires. Even so, natural fires are uncommon due to
the infrequency of lightning coupled with the sparseness of the vegetation.

The dominant trees, g;_occidentalis, J. scopularum, -P. edulis, and P. quadrifolia
are medium height (10 to 30 m) and relatively lTong lived (200 to 500 yrs). Seed produc-
tion begins early (10 to 20 yrs); however, substantial seed production begins at 50 to
100 years. Juniper "perries" and (wingless) pinyon 'muts' are widely dispersed (often
over 20 km) by birds, and these dispersed seeds have a better chance of establishing
seedlings than locally deposited seeds (Salomonson 1978, Vander Wall and Balda 1977).
Juniper seeds can remain dormant in soil for years until gonditions are suitable for
germination (usually high soil moisture) though pinyon seeds apparently must germinate
the first year (Johnsen 1959, Vander Wall and Balda 1977). Seedling establishment is .
dependent upon chance dispersal to a favorable site (usually the protective cover of a
low shrub) and ample rainfall. None of the trees have the capacity for vegetative
reproduction or regeneration from resprouts, and resistance to fires is poorly developed
(viz, thin bark and low branches). When fires occur in pinyon-juniper woodland, the
inital effect is to eliminate the younger age classes. Continued burning will even-
tually replace woodland with sagebrush because the shrubs can colonize faster than the
trees can reestablish.

BOREAL FOREST

At high latitudes in the Northern Hemisphere, a predominantly coniferous forest
exists under a severe continental climate. The growing season is short with precipita-
tion distributed throughout the year. Although thunderstorms are common, burning
conditions are usually poor. Fires are most frequent on drier sites, but occasional
droughts make widespread areas susceptible. Fires are dependent on dry pericds;
therefore, in the southern part of the region, fires on some sites may occur every 50 to
150 years (Heinselman 1973), whereas further north the highest frequencies may be one
every 100 to 300 years (Viereck 1973), and one every 1,000 years at higher elevations
(Wein and Moore 1977). The jocalized distribution of burning conditions coupled with
the stochastic pattern of ignitions produces a mosaic of different habitats (Heinselman,
this volume). Perhaps as a result, a diversity of life histories is represented by
the dominants.

Pinus banksiana occurs on the driest sites (and thus most frequently burned
sites) and has the greatest resilience to frequent fires. In many respects it resembles
more southern pine barren congeners; in particular, it has serotinous cones. It
probably is not subject to fires as frequent as, for example, P. rigida, and this may
account for its lack of resprouting ability.

Populus tremuloides is an aggressive pioneer into burned areas and once established
will spread by underground rhizomes and a proliferation of suckers (Viereck 1973).
Repeated fires stimulate sucker growth and clones can withstand fires at intervals as
short as 3 years (Fowells 1965). Substantial seed production begins after 30 to 40
vears. Seeds are very light and, buoyed by long silk hairs, widely dispersed. Dis-
persal begins in late spring and seedling establishment is dependent upon immediate
occupation of a suitable site, specifically a disturbance. Thus they capitalize on a
Jocalized burning pattern. Resilience to infrequent fires is low; areas unburned for
80 years may deteriorate from disease or invasion by shade-tolerant species (Loope and
Gruell 1973).
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Whereas these two species are closely dependent upon fire, two other boreal
forest species, Picea glauca and P. mariana, although commonly increasing after fire,
are able to persist in its absence. Picea glauca invades disturbed sites by seeds
which are wind dispersed. This may be erratic, since good seed crops are sporadic
(Viereck 1973), and seed is not stored in the soil (Johnson 1975). The random coupling
of disturbance and good seed years probably accounts for the temporally disjunct
episodes of regeneration in many areas (Payette 1976). It thrives on lowland sites;
thus disturbances resulting from flooding probably create more reliable sites for
establishment (Rowe 1970). Picea mariana establishes well after fire because of semi-
serotinous cones, and frequently stands are even aged, dating back to the last fire
(Zoltai 1975). However, it is not dependent upon fire. Some seed is dispersed every
year, more in warm years or when openings in the canopy expose older cones to direct
sunlight (Fowells 1965). Also, vegetative reproduction by layering is common in older
trees, thus some stands can perpetuate themselves without disturbance (Zoltai 1975).

Abies balsamea requires areas free of disturbance for long periods of time, thus
balsam fir is restricted to moister sites. Once established it can regenerate under
its own canopy indefinitely in the absence of disturbance (Fowells 1965). 1Increased
frequency of man-caused fires in the last 100 years has drastically reduced A. balsamea
in some regions (Janke and others 1978).

Temperate Deciduous Forest

Temperate latitudes in both hemispheres support belts of deciduous hardwood
forests, e.g., North America's Eastern Deciduous Forest. The climate is one of cold
winters and warm-humid summers, with precipitation year round. Thunderstorms are
common in spring and summer, but because of the moist-humid conditions natural fires
are uncommon (Barden and Woods, 1973). When fires occur it is due to widespread
droughts and consequently fires are frequently large (Maclean and Wein 1977). 1t has
been estimated from laminated sediments in Green Leaf Lake, Ontario, that since 770
A.D. fires have occurred at least once every 80 years in the vicinity (Cwynar 1978),
though much of this may have been due to extensive burning by Indians (Frissell 1973).
It is estimated from the total acreage burned by natural fires since settlement of a
tract in Maine, that the recurrence interval of burning for that forest is 800 to 2,000
years (Lorimer 1977). Windfalls (from one to hundreds of trees) are perhaps selectively
a more important disturbance in these forests: they are more localized than fires but
occur much more frequently (Stearns 1949). Therefore, the Eastern Deciduous Forest
emerges as a relatively stable forest in a matrix of frequent local disturbances and
occasional widespread fires.

Such a selective environment is reflected in the life histories of the trees.
This is illustrated by the size distribution of a forest studied by Goff and Zedler
(1968), shown in figure 7. The diagram suggests that the area was disturbed some time
in the past and first invaded by Pinus strobus and later by Acer rubrum. Both species
have well-developed colonizing features, i.e., they produce many seeds which are light
and widely dispersed by wind and have rapid germination and growth once they reach
openings. Perhaps a cost of this strategy is less competitive capacity once the more
shade-tolerant.species (e.g., Acer saccharum, Tsuga canadensis) close in the canopy.
This is evidenced by lack of new individuals added to the larger size classes of A.
rubrum and P. strobilus. Consequently, seeds of these species must land in another
opening to complete their life cycle. For these early successional species (since
disturbances are small and haphazardly distributed in time and space), evolution has
selected for a variety of ways of enhancing the chances of seedlings establishing in
openings and also of being some of the first to establish. For example, figure 7 shows
that although A. rubrum does not mature under the forest canopy, it does establish
seedlings. These can survive, albeit stunted, for various periods of time. 1In the event
of an opening above them, they exhibit "release" (rapid growth) and thus have a headstart
on species like P. strobilus which must disperse in. .
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Figure 7.--Density distribution in
relation to diameter for a Wis-
consin forest (redrawn from Goff
and Zedler 1968). S = seedlings.

strategies found in early successional trees. Prunus
ance of fleshy drupes which attract many bird species
By being bird-dispersed, the chances of having
the seed deposited in an opening are increased (over wind-dispersed seed) since birds
are biased towards sunny areas (Thompson and Willson 1978). 1In the event the seed is
not excreted in an opening, it is protected by a hard endocarp and can remain dormant
in the soil for many years until disturbance occurs (Marks 1974). Several other ways
of ensuring a seed source is available are seen in species of Cornus which mature and
reproduce in the understory of better 1lit portions of the forest or in A. rubrum which
can persist a long time in the forest canopy. Regardless of the length of time they
the clumped distribution of individuals (relatable to previous disturbances)
is sometimes still observable many years after disturbances (Williamson 1975). Most
early succesional species also exhibit little periodicity in annual seed production
(Marks 1974, Wells 1976), reflecting the importance for a rapid invasive capacity; a
several-year delay between disturbance and a good seed year could spell failure for a

fugitive species.

There are other colonizing
pennsylvanica produces an abund
and are widely dispersed (Smith 1975).

persist,

A few early successional species will fill openings laterally by vegetative
reproduction; however, most species do not, and instead attempt to reach the canopy.
Essentially all species are capable of resprouting from root collar after the tops
have been damaged, and openings are cormonly filled by resprouts in both successional

and climax species.



Climax species are those which are shade tolerant and therefore capable of estab-
lishing beneath their 6wn canopy and replacing themselves. They produce larger seeds
which probably are not dispersed as widely as those of early successional species.
Larger seeds provide a larger food source for the seedling, a necessity for establishing
under the canopy. Lower light levels on the forest floor mean slower growth rates,
therefore longer disturbance-free periods are required to establish. Fleshy fruits

are uncommon perhaps because the large seed size would require a fruit too large to be
effectively dispersed by birds and rapid arrival at openings is of little value due to
the slow growth rates. For this reason, too, extreme periodicity in annual seed produc-
tion (common in climax trees) is of little disadvantage. On the contrary, since these
species do not produce an expendable exocarp (as in a drupe) animals attracted to a
seed crop destroy much of it, thus mast years may serve an antiherbivore function
(e.g., Janzen 1976). Another characteristic of the reproductive strategy of "climax"
trees is a lack of long-lived socil-stored seed (Olmstead and Curtis 1947). 1In most
respects "climax" species are only quantitatively different from "successional" species
since they commonly require subtle disturbances in order to establish or be "released"
and enter the canopy (Forcier 1975, VanKat and others 1975, Brewer and Merritt 1978,
Harcombe and Marks 1978). The ubiquity of some disturbance-dependence is reflected in
Wells' (1976) finding that although some plant families have specialized (ecomor-
phologically) at the pioneering extreme of the seral gradient, none have a consistent
suite of traits specialized on the climax end.

Tropical Rain Forest

At low latitudes in the 0ld and New Worlds are forests of broad-leafed evergreen
trees existing under a wet-humid tropical climate. Natural fires are essentially
nonexistent; however, as in temperate forests, disturbances such as windfalls can be
common and when resulting from cyclones or hurricanes they can cause widespread
damage (Longman and Janik 1974). Therefore, tropical rain forests, like certain
temperate forests, exist as a relatively stable vegetation in a matrix of localized
disturbances (Hartshorn 1978). Therefore, one would predict similar reproductive
strategies in the dominants. Although much more is known about the reproductive
cycles of temperate species, it seems that tropical trees represent a similar seral
spectrum of strategies keyed to colonization of disturbed sites. At the pioneering
end the Bombacaceae represents a tropical analogue to the temperate Salicaceae in its
suite of ecomorphological traits, e.g., light, widely dispersed seeds, rapid growth
rate, shade intolerance, and short lifespan (Wells 1976). Like their temperate
counterparts, tropical pioneering trees represent a variety of families and adaptive
specializations. Alsc, as in temperate forests, one can detect patches of regeneration
which are perhaps related to previous disturbances (Richards and Williamson 1975). 1In
response to disturbance one of the important aspects of the reproductive cycle of
tropical trees is their capacity to resprout. In fact, Webb and others (1972) found
that 12 years after disturbance, "suckers" were of much greater importance than seedlings.
As in temperate forests, the one reproductive strategy not found in climax species is
production of long-lived soil-stored seed (Webb and others 1972).

Summary: Tree Communities

The Sierra Nevada Mixed Conifer Forest has had a long history of relatively
frequent ground fires. The rugged topography of this region promotes irregular burning
patterns. Once an area is "missed" the burned periphery might act as a firebreak
for many years. As a consequence, localized areas may be free of fire for long
periods and then the site of a severe crown fire. Thus, the landscape would be a
mosaic of different fire frequency patches. Species such as Pinus ponderosa have
adapted to more frequently burned patches by being able to resist fires through
development of thick bark, self-pruning, etc. Those species such as Abies concolor
which have adapted to less frequently burned patches are less fire-resistant but have
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shade-tolerant seedlings which can establish in areas free of disturbance. All
species are dependent upon maintaining seed-trees throughout the region since seeds are
not widely dispersed or stored in the soil. Frequent fires accomplish this by
burning around fire-resistant trees and making them "immune" to localized severe fires
and by haphazardly missing patches which preserve shade-tolerant fire-sensitive

trees. The localized fire-free patches not only provide a haven for fire-sensitive
species, but also, because they will eventually be hit by severe fire, will produce
optimum conditions for establishing seedlings of shade-intolerant fire-resistant
species. Since the more mesic north-facing slopes are likely to remain fire free
longer and the dry south-facing slopes burn more frequently. It is not surprising A.
concolor is better adapted to the former and P. ponderosa to the latter slope face.

Pinus contorta would not survive the mixed conifer forest burning regime. It is
not highly resistant to fire (thin bark, poor self-pruning) and, like most pines, has
shade-intolerant seedlings. However, it can adapt to infrequent light fires or periodic
severe fires by a (genetically) simple change in behavior.

Several eastern pine species are unique among North American species of the genus -
in their capacity to resprout; a trait generally lacking in conifers. This may be due
to more frequent fires though data to substantiate this is inadequate. Since these
pines are on more extreme sites, slower growth rates may mean fires "seem" more frequent
to the plant, i.e., a plant on a good site might go from seed to adult without a fire,
whereas on an extreme site it might be exposed to several fires between seed and adult
stage, even though the absolute fire frequency was the same. The more stunted growth
would also place the trees in greater danger of destruction by fires. It 1s interesting
that fire-type serotinous conifers in California are commonly found on edaphically
extreme sites also (Raven and Axelrod 1978).

Among chaparral conifers are serotinous species of pine able to withstand frequent
fires. Lack of sprouting capacity suggests fires have not been as frequent as in
eastern pine barrens. Closed-cone cypress in chaparral suggests natural fires are less
frequent than the present fire frequency. They would likely do well with fires every
hundred years though they are ultimately dependent upon fire. Pseudo.suga macrocarpa
has, like certain cypress species, not fared well under the current 20- to 30-year fire
cycle. This is of interest since it resprouts from epicormic buds, a trait which, in
light of its wide absence in conifers, was likely selected for by fire. Thus, P.
macrocarpa is an example of a species able to survive occasional frequent fires because
of a specific "fire-type' adaptation but the species is perhaps most favored by infre-
quent fires.

Pinyon-juniper conifers are unable to survive fire. They resist fire poorly, do
not resprout, and do not store seeds on the plant or in the soil. In event of fire,
few if any seed-source trees remain. They are capable, though, of long-distance seed
dispersal by birds, a trait unknown in most North American conifers. This may be a
response to very infrequent but large-scale fires. Another possibility, however, is
that bird dispersal could be the only dispersal option available for the following
reasons: Soil moisture is considered the most limiting factor in seedling establishment
in these species, and there is circumstantial evidence that seedling establishment, in
water limiting environments, is enhancid by larger seeds (Baker 1972). Also, large
seeds are poorly dispersed by wind (the prevalent coniferous mode); therefore, animal
dispersal could be selected for.

In the boreal forest, frequency of fires is closely linked to substrate. The
driest sites support species like Pinus banksiana which resembles many other serotinous
pine species. On wetter sites are species such as Picea glauca which can survive well
without fire though the chance occurrence of a good seed vear and local fire may favor
it on burns. Picea mariana is capable of going either way; semiserotinous cones for
occasional fires or layering in the absence of fire.
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. CONCLUSIONS
An understanding of the evolutionary role of fire in ecosystem developement
requires knowledge of life history characteristics. Since strategies are under geneti
control, having been shaped evolutionarily, their only imperative is continuance. To
understand the evolutionary role of fire frequency we need to know how it affects
species' ability to remain in that environment. The following conclusions are offered
in this light.

1. Since natural fires are randomly distributed in space and time, often a more
important focal point than response to the modal fire frequency will be species
resilience to the range in fire frequencies encountered. Failure to appreciate specie:
specific differences in resilience in managing natural ecosystems can spell extinction
for some species. For example, it is generally accepted by managers that the chaparral
ecosystem is resilient to fire every 15 to 20 years. However, it is apparent that
Cupressus forbesii and C. stephensonii are in danger of extinction under this more
frequent manmade fire regime.

2. Life history attributes specifically selected for by fire do not imply resilie
to frequent fires and vice versa. Annual grassland species are resilient to annual
fires. They are not specifically adapted to fire and do well under other annual
disturbances. Fire-annual flora species have a life cycle entirely keyed to fire;
however, fires at less than 10-year intervals will eliminate most of these species.

3. A component of the fire regime, important to the evolution of reproductive
strategies, is the burning pattern, i.e., patchy vs. extensive. Of the four components
of the fire regime, season, intensity, frequency, and pattern, the last two exert the
greatest selective force, since season is relatively constant across natural systems
(generally the driest season) and intensity is a function of frequency (it is largely
dependent upon fuel buildup in the fire-free interval). Fire frequency relates to the
predictability of fire in time and pattern relates to the predictability of fire in
space.

4. There is commonly a whole suite of characteristics associated with a particula:
pattern of fire predictability. For example, consider the following cases of shrub
reproductive strategies in response to different fire regimes.

(a) Frequent fires distributed mosaic fashion (fire is predictable in time but
not space): such an environment would select for widely dispersed seeds (to "find" the
disturbances), commonly without any imposed dormancy, and with vegetative reproduction
(to capitalize on the probability of being one of the first there).

(b) Frequent fires burning extensive areas (fire is predictable in time and
space): selection would be for locally dispersed seeds (fire will come to them), which
are long lived and require fire stimulation for germination and lacking vegetative
reproduction (since germination is locally synchronous).

5. "Other" environmental factors may have a similar selective effect to that of
fire. TFor example, tree falls in many forests are more important than fire, but since
they produce a similar type of disturbance, i.e., predictable in time but not in space,
the reproductive strategies are similar to those described in 4a.

6. Some strategies are successful across all growth forms. For example, consider
the suite of characteristics for an environment in which fire is predictable in time
but not space (4a above). One can find examples of this strategy in herbs (Epilobium
angustifolium, Pteridium aqualinum), shrubs (Rubus sp., Svmphoricarpus sp.), and trees
(Populus tremuloides, Salix sp.). 7 o 7 _
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7. In some instances, strategies may be greatly influenced by growth form. For
example, both perennial grasslands and chaparral are subjected to fires which are
highly predictable in both time and space, yet chaparral shrubs store seed in the soil
and perennial grasses do not. However, these grasses can recover from fire and flower
and set seed within a few months, an option not available to shrubs. Functionally,
such a response may be as fruitful as many years of seed production in a shrub, since
it has been shown in at least one study that over 70 years of seed production by a
chaparral shrub may result in fewer seeds stored in the soil than can be produced

during a single "good" year (Keeley 1977a).

8. Resistance to fire is an attribute unique to trees, and commonly developed
through the production of thick bark and self-pruning. Such resistance is required of
species to survive frequent fires. As fire frequency decreases, fuel buildup increases,
and the resultant fire, because of its intensity, makes resistance a nonviable option.
Under very infrequent fires, there is also little selection for resistance to fire.

9. Resprouting after fire is one way an individual in the population can insure
a continuance of its genmes. It is such a widespread response that it is simpler to
jist the instances in which it is not found. One example is annual plants, another is
obligate-seeding chaparral shrubs. While annual plants in some instances have evolu-
tionarily deserted the perennial condition because of the unlikelihood of survivng a
particular season, obligate seeders may have deserted the resprouting mode because of
decreasing likelihood of surviving fire. Resprouting in woody dicots is a widespread,
apparently conservative trait, which likely evolved many times in response to a variety
of conditions; e.g., it allows for rapid recovery after frosts (Mooney 1977a), intense
grazing (Sampson and Jesperson 1958), or damage from windfalls (Fowells 1965). Other
than the specific instance of obligate-seeding Mediterranean shrubs, the only other
common instances of nonsprouting woody dicots are ones which have a predominantly
herbaceous ancestry and are currently in a more-or-less fire-free environment, e.g.,
Artemisia tridentata. In general, to argue that the presence of resprouting capacity
in a woody dicot reflects the selective influence of fire is unwarranted For example,
it has been argued that the Hawaiian flora has had a long evolutionary relationship
with fire because species resprout when tops are damaged. However, resprouting capac-
ity is ubiquitous among tropical rain forest woody dicots, most of which have had no
evolutionary association with fire. Gymnosperms are a different case. Resprouting is
uncommon in conifers except where directly attributable to fire.

10. r- and K-selection could be interpreted to predict that growth forms should
be favored in an array--herbs:shrubs:trees, relative to decreasing fire frequency.
This is true when species must complete a zygote-to-zygote life cycle within the fire-
free interval. It is potentially untrue whenever there is the possibility of resis-
tance to fire or regeneration afterwards. Thus, other components of the fire regime,
such as fire intensity, need to be considered.
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